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Ruthenium (Il) complex
cis-[Ru'(n%-0,CC,H,0,)
(dppm),]PF,-hmxbato induces
ROS-mediated apoptosis in lung
tumor cells producing selective
cytotoxicity
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Ruthenium complexes have been extensively explored as potential molecules for cancer treatment.
Considering our previous findings on the remarkable cytotoxic activity exhibited by the ruthenium
(1) complex 3-hydroxy-4-methoxybenzoate (hmxbato)-cis-[Ru'(n?-0,CC,;H,0,)(dppm),]PF¢ against
Leishmania promastigotes and also the similar metabolic characteristics between trypanosomatids
and tumor cells, the present study aimed to analyze the anticancer potential of hmxbato against
lung tumor cells, as well as the partial death mechanisms involved. Hmxbato demonstrated selective
cytotoxicity against A549 lung tumor cells. In addition, this complex at a concentration of 3.8 pM was
able to expressively increase the generation of reactive oxygen species (ROS) in tumor cells, causing
an oxidative stress that may culminate in: (1) reduction in cellular proliferation; (2) changes in cell
morphology and organization patterns of the actin cytoskeleton; (3) cell arrest in the G2/M phase of
the cell cycle; (4) apoptosis; (5) changes in the mitochondrial membrane potential and (6) initial DNA
damage. Furthermore, we demonstrated that the induction of programmed cell death can occur

by the intrinsic apoptotic pathway through the activation of caspases. It is also worth highlighting
that hmxbato exhibited predominant actions on A549 tumor cells in comparison to BEAS-2B normal
bronchial epithelium cells, which makes this complex an interesting candidate for the design of new
drugs against lung cancer.

Cancer is one of the most common causes of death worldwide and despite advances in the development of new
therapies, it is still a major concern for health systems. Among cancer types, lung cancer is the most frequently

!Laboratério de Bioquimica e Toxinas Animais, Instituto de Biotecnologia, Universidade Federal de Uberlandia,
UFU, Para avenue, 1720, Uberlandia, MG CEP 38400-902, Brazil. %Instituto de Quimica, Universidade Federal de
Uberlandia, UFU, Uberlandia, MG, Brazil. 3Laboratério de Osteoimunologia e Imunologia dos Tumores, Instituto
de Ciéncias Biomédicas, Universidade Federal de Uberlandia, UFU, Uberlandia, MG, Brazil. “Departamento de
Anadlises Clinicas, Toxicologia e Ciéncias Alimentares, Faculdade de Ciéncias Farmacéuticas de Ribeirdo Preto,
Universidade de S3o Paulo, Ribeirdo Preto, Sdo Paulo CEP 14040-903, Brazil. *Laboratério de Cristalografia
e Quimica Computacional, Instituto de Quimica, Universidade Federal de Uberldndia, UFU, Uberldndia, MG,
Brazil. ®Laboratério de Nanobiotecnologia, Instituto de Biotecnologia, Universidade Federal de Uberlandia, UFU,
Uberlandia, MG, Brazil. “email: monicacosta.farma@gmail.com; kelly.tudini@ufu.br

SCIENTIFIC REPORTS|  (2020)10:15410 | https://doi.org/10.1038/s41598-020-72420-w


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-72420-w&domain=pdf

www.nature.com/scientificreports/

IC; (95% CI)?, uM* | IC;, (95% CI), uM* | Selective Cytotoxicity index (SCI)®
Treatment A549 BEAS
Cisplatin 26.4 (21.1-33.0) 13.38 (10.1-17.7) 0.5
Precursor 21.2(16.0-28.1) 29.2 (22.3-38.2) 14
Freeligand | <200 <200 Not determined
Hmxbato 3.8(2.3-6.2) 40.3 (22.6-71.7) 10.6

Table 1. Cytotoxic effects of hmxbato on tumor and normal lung cells and their respective IC5, and SCI
values. *Inhibitory concentration for 50% of cells. >*SCI =ICj, of non-cancerous BEAS-2B-cells/ICs, of cancer
A549 cells. *IC;, values were calculated from concentrations: 200; 100; 50; 25; 12.5; 6.25; 3.12; 1.56; 0.78; 0.39;
0.19 and 0.097 pM.

diagnosed, accounting for 11.6% of all reported cancer cases worldwide. In addition, lung cancer is the third
leading cause of death by cancer'”.

In recent years, pharmacological treatments of various types of cancer have been conducted with platinum-
based drugs such as cisplatin, carboplatin, and oxaliplatin. However, numerous disadvantages are associated with
the use of cisplatin and its derivatives as antitumor agents, namely: (1) drug resistance, which can be developed
after treatment; (2) low toxicity against some types of cancer, such as cervical, lung and pancreatic cancer; and
(3) low selectivity for tumor cells, thus triggering several side effects. These disadvantages have encouraged the
development of new metal complex-based chemotherapeutic agents that have higher and more selective toxici-
ties on tumor cells**.

In this sense, ruthenium complexes have gained importance in recent years as promising candidates for anti-
cancer therapy due to their numerous advantages. One of the main properties related to the ruthenium complex
is its octahedral geometry that provides a vast repertoire for the formation of new complexes and may increase
its degree of selectivity. In addition, the different ruthenium oxidation stages (II and III) and the ease of modu-
lation between metal-ligand facilitate the interaction of complexes with target molecules. Finally, ruthenium
is also interesting due to its low toxicity, good stability and ability to mimic iron by binding to plasma proteins
such as albumin and ferritin*>*.

The development of new antitumor drugs requires understanding the mechanisms of action of new pharma-
cological candidates, which highlights the importance of elucidating the molecular and biochemical mechanisms
involved. Recent studies have shown that some ruthenium complexes target the genomic DNA and may cause
cell cycle arrest, ROS-mediated mitochondrial alterations and, finally, cell death by apoptosis®’~.

Previous studies by our research group showed a remarkable cytotoxic activity for the ruthenium complex
called 3-hydroxy-4-methoxybenzoate (hmxbato)-cis-[Ru''(n?-0,CC,H,0,)(dppm),]PF against promastigote
forms of different Leishmania species'. In addition, we have described that the hmxbato complex was able
to induce increased ROS levels and cause death of Leishmania (Leishmania) amazonensis promastigotes by
apoptosis'!. Other authors have also demonstrated the anti-Leishmania potential of ruthenium complexes'?~'.

Given the remarkable cytotoxic activity exhibited by hmxbato against Leishmania promastigotes, associated
with the similarity of some metabolic characteristics between trypanosomatids and tumor cells, such as high
replicability and high energy and nutrient requirements'>'¢, the present study had as objective the evaluation
of the anticancer potential of hmxbato against lung tumor cells, as well as the death mechanisms involved.
Simultaneously, all assays were also performed with normal lung cells to verify the potential of this molecule as
a candidate for prospecting novel antitumor drugs.

Results

Hmxbato exhibits high selectivity and cytotoxic potential against A549 tumor cells. The
in vitro cytotoxicity of hmxbato complex, its metal precursor and free ligand (Fig. 1) was determined by MTT
assay. Additionally, the cisplatin cytotoxicity was also evaluated for comparison purposes. ICs, values for tumor
(A549) and normal (BEAS-2B) lung cells were expressed in Table 1. Hmxbato and its precursor showed con-
siderable cytotoxic activity against A549 tumor cells, exhibiting ICs, values of 3.8 uM and 21.2 uM, respec-
tively. Hmxbato presented higher cytotoxicity than cisplatin drug, which displayed an ICs, value of 26.4 uM. As
expected, the free ligand showed no cytotoxic activity. Thus, comparatively, hmxbato exhibited higher cytotoxic
potential when compared to cisplatin (~ 6 times lower ICs, value) or its precursor (~5 times lower ICs, value).
Moreover, the cytotoxicity of compounds was also evaluated in normal lung cells (BEAS-2B). Hmxbato, precur-
sor and cisplatin exhibited IC, values of 40.3 uM, 29.2 uM and 13.3 pM, respectively. The selectivity cytotoxicity
index (ICS), calculated as the ratio of the ICs, values for normal and tumor cells, showed values of 0.5 for cispl-
atin, 1.4 for the precursor and 10.6 for hmxbato. Taken together, the results show that the metal-ligand associa-
tion resulted in an effective complex against A549 lung tumor cells.

Hmxbato interferes with A549 tumor cell proliferation and recovery.  After determining the hmx-
bato ICs, value for A549 tumor cells, five different concentrations corresponding to the % IC, (0.95 uM), % ICs
(1.9 uM), ICs;, (3.8 uM), 5xICs, (19 pM) and 10 x ICs, (38 uM) values were used to evaluate the complex effects
in proliferation and recovery of tumor and normal lung cells. Hmxbato significantly inhibited A549 cell prolif-
eration at all concentrations and times assessed (Fig. 2A). The removal of hmxbato from the culture medium
was not able to recover the proliferation of A549 cells, except for cells grown in presence of hmxbato at 0.95 uM
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Figure 1. Synthetic route of the ruthenium complex cis-[Ru"(y*-0,CC,;H,0,)(dppm),]PF—hmxbato, where
dppm =bis(diphenylphosphino)methane.
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Figure 2. Effects of hmxbato on the proliferation and recovery of tumor and normal lung cells. Tumor (A549)
and normal (BEAS-2B) lung cells were incubated for 24 h in the absence (control) or presence of different
concentrations of hmxbato (0.95 uM, 1.9 uM, 3.8 uM, 19 uM and 38 uM). The proliferation of A549 (A)

and BEAS-2B (C) cells was evaluated after 24, 48 and 72 h of treatment. Recovery from the cell proliferation
induced by the hmxbato treatment was also assessed. For that, A549 and BEAS-2B cells treated with complete
medium (control), FBS free medium and different concentrations of hmxbato (0.95 uM, 1.9 uM, 3.8 uM, 19 uM
and 38 uM) for 24 h were washed with PBS and incubated with complete medium. The recovery of A549 (B)
and BEAS-2B (D) cells was evaluated at 0, 24 and 48 h. Data were expressed as mean + standard deviation of
experiments performed in triplicate. Three independent experiments were performed. Statistical differences
were determined using one-way ANOVA and Tukey’s multiple comparison test. Significant differences with
respect to control were considered when p<0.1 (*), p<0.01 (**), p<0.001 (***) and p<0.0001 (****).
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Figure 3. Hmxbato prevented the clonogenic growth of lung tumor cells. Tumor (A549) and normal
(BEAS-2B) lung cells were incubated for 24 h in the absence (control) or presence of hmxbato (1.9 uM, 3.8 uM
and 19 uM). (A) Representative images of an experiment developed in 6-well plates showing the formation of
A549 and BEAS-2B cell colonies after removal of treatments and incubation with culture medium for 14 days.
(B) Bar graphs showing plating efficiency (%), calculated by the number of colonies formed / number of cells
seeded x 100%. Data were expressed as mean + standard deviation of experiments performed in triplicate. Three
independent experiments were performed. Statistical differences were determined using one-way ANOVA and
Tukey’s multiple comparison test. Significant differences with respect to control were considered when p <0.1
(*), p<0.01 (**), p<0.001 (***) and p<0.0001 (****).

after 48 h recovery (Fig. 2B). The proliferation assay of BEAS-2B showed that hmxbato at 0.95 uM, 1.9 uM
and 3.8 uM promotes no antiproliferative effect after 24 h treatment (Fig. 2C). However, higher concentrations
(19 uM and 38 pM) caused statistically significant inhibitions in proliferation at all times tested (24, 48 and 72 h).
The recovery proliferation assay of BEAS-2B showed that hmxbato promoted statistically significant interfer-
ence in the recovery cells (Fig. 2D), except for cells cultured in presence of hmxbato in the lowest concentration
(0.95 uM) after 48 h recovery. Therefore, hmxbato significantly interfered with both proliferation and recovery
of lung tumor cells. However, the complex did not interfere with normal lung cell proliferation at concentrations
0f0.95 uM, 1.9 uM and 3.8 uM (ICs, value for tumor cell A549) after 24 h of treatment.

Hmxbato prevents the clonogenic ability of A549 tumor cells. Considering the hmxbato effects on
recovery of cell proliferation and aiming to analyze the complex effects on colony-forming capacity of cells, a
clonogenic assay was performed. Thus, A549 and BEAS-2B cells incubated in the absence (control) and presence
of hmxbato at 0.5x%ICs; (1.9 uM), 1 xICs (3.8 uM) and 5xICs, (19 uM) concentrations for 24 h were washed,
incubated with complete culture medium and analyzed for colony-forming capacity after 14 days (Fig. 3). A549
cells were unable to form colonies after treatment with the complex. In contrast, BEAS-2B cells exhibited colony
formation after treatment with the complex at concentrations of 1.9 uM and 3.8 uM (Fig. 3A). Furthermore, for
BEAS-2B cells, no statistically significant difference was observed between the lowest concentration of hmxbato
(1.9 uM) and control cells (Fig. 3B). These results demonstrate that the complex, even at low concentrations,
was able to prevent the clonogenic capacity of A549 tumor cells, while for BEAS-2B non-tumor cells the colony-
forming capacity was only slightly affected.

Hmxbato induces tumor cell arrest in the G2/M phase of the cell cycle. After exposure to hmx-
bato at different concentrations, A549 tumor cells showed an irregular distribution of cells at different stages
of the cell cycle compared to the distribution of untreated tumor cells (control) (Fig. 4A). Results showed a
G1 phase cell reduction from 68.85% (control cells) to 40.88% and 36.25% after treatment with the complex at
concentrations of 3.8 uM and 19 pM, respectively (Fig. 4B). Quantitative analysis, based on three independent
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Figure 4. Hmxbato caused cell cycle arrest in the G2/M phase. Tumor (A549) and normal (BEAS-2B) lung cells
were incubated for 24 h in the absence (control) or presence of hmxbato (3.8 M and 19 uM) and subjected to
cell cycle analysis. (A) Histograms of one of the independent experiments performed, showing the distribution
of cells in the phases of the cell cycle. Distribution of A549 and BEAS-2B cells according to DNA content

after PI staining. Fluorescence was measured by flow cytometry. (B) Bar graphs showing the percentages of
A549 and BEAS-2B cells in each subpopulation of the cell cycle phases: G0/G1, S, G2/M. Data were expressed

as mean + standard deviation of experiments performed in triplicate. Three independent experiments were
performed and over 10,000 cells were analyzed in each replicate. Statistical differences were determined using
one-way ANOVA and Tukey’s multiple comparison test. Significant differences with respect to control were
considered when p<0.1 (*), p<0.01 (**), p<0.001 (***) and p<0.0001 (****).
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experiments, showed that treatment with hmxbato at both concentrations increased the percentage of A549
tumor cells in the G2/M phase, with 16.75% of control cells in this phase in contrast to 32.00% and 37.24% when
cells were treated with 3.8 uM and 19 uM of the complex, respectively. Also, no statistically significant differ-
ences were observed between the concentrations of hmxbato analyzed. In BEAS-2B non-tumor cells, hmxbato
only promoted slight changes in cell distribution at different stages of the cell cycle (Fig. 4C). In this case, the
quantitative analysis (Fig. 4D) of three independent experiments showed small decreases in the percentage of
cells in the G2/M phase in relation to the control, decreasing from 31% (control) to 29.4% (3.8 pM) and 23.9%
(19 uM). Thus, the results show that hmxbato was capable of inducing an expressive arrest of A549 cells in the
G2/M phase of the cell cycle.

Hmxbato induces apoptosis in A549 tumor cells. Both the 3.8 uM and 19 pM concentrations of
ruthenium (IT) complex hmxbato were examined for their capacity to induce phosphatidylserine externalization
on A549 cells, which is a hallmark of apoptosis. For this purpose, the annexin V-FITC/PI assay and flow cytom-
eter was used, as previously reported'”. The two-parameter dot plot histogram analysis (Fig. 5A) showed a clear
shift in the distribution profiles of the cells, mainly located towards the lower and upper right quadrants, which
are related to cells in early and late apoptosis, respectively. In contrast, hmxbato-treated BEAS-2B cells did not
exhibit major changes in their distribution profile, with most remaining in the quadrant for viable cells. The val-
ues shown in the dot plots, obtained in independent experiments, were analyzed and used for the quantification
of cells in apoptosis/necrosis and are shown in Fig. 5B. Treatment of A549 cells with hmxbato at concentrations
of 3.8 uM and 19 uM induced apoptosis (early and late) in 51.46% and 42.78% of cells, respectively. On the other
hand, hmxbato induced apoptosis (early and late) in only 12.3% and 23.6% of BEAS-2B cells after treatment with
3.8 uM and 19 pM, respectively. These results indicate that hmxbato, at the concentration of 3.8 uM, was capable
of inducing apoptosis in a significant percentage of tumor cells, while this same concentration of the complex
only induced apoptosis in a small percentage of non-tumor cells.

Hmxbato promotes changes in A549 tumor cell morphology associated with cytoskeleton
alterations. To assess whether hmxbato promotes changes in cell morphology and cytoskeleton, A549 and
BEAS-2B cells were stained with phalloidin after treatment with the complex at different concentrations (Fig. 6).
The images showed that hmxbato promoted significant changes in the morphology and cytoskeleton of A549
tumor cells (Fig. 6A), with the most evident alterations being: (1) reduction of cell density; (2) increase in the
condensation of actin filaments, and (3) cell rounding. In addition, there was a statistically significant reduction
(Fig. 6B) in cell size (represented by cell area) and nucleus size at the two tested concentrations. In contrast, the
treatment of BEAS-2B cells with the complex at a concentration of 3.8 uM did not result in major changes in the
cytoskeleton and cell morphology. Although the complex at this concentration did not significantly interfere in
the size of BEAS-2B cells, an increase in the nuclear area of this cell type could be observed, as shown in Fig. 6C.
On the other hand, treatment with hmxbato at the highest concentration (19 uM) promoted significant changes
in the morphology and pattern of actin polymerization of BEAS-2B cells, significantly decreasing the cell and
size of the nucleus. Our results show that hmxbato (3.8 uM) causes significant changes in the morphology of
lung tumor cells and cytoskeleton damage, while the same concentration of the complex did not cause major
changes in the morphology or cytoskeleton of normal lung cells.

Hmxbato significantly increases ROS generation in A549 tumor cells.  In order to verify whether
the apoptosis-induced cell death caused by hmxbato is related to increased ROS generation, tumor and non-
tumor cells were incubated with the CM-H,DCFDA fluorescent probe and analyzed by flow cytometry. The
complex at both concentrations strongly increased ROS production in A549 tumor cells. As shown in Fig. 7A,
when compared to the control, treatment of tumor cells with 3.8 uM of the complex caused a 25-fold increase in
fluorescence intensity, while treatment with 19 pM increased the fluorescence intensity by 33-fold. Conversely,
treatment of BEAS-2B cells with hmxbato at both concentrations produced less significant ROS generation
(Fig. 7B). Compared to the control, the 3.8 uM and 19 pM hmxbato treatments induced increases of 1.3-fold
and 1.8-fold in fluorescence intensity, respectively. To confirm the hmxbato ability to increase ROS generation
by tumor cells, A549 cells were incubated with 3.8 uM of the complex in the presence of NAC, which is an anti-
oxidant molecule capable of inducing the synthesis of glutathione, thus decreasing the ROS production. The cells
treated in absence of NAC were considered as capable of increasing the ROS concentrations in 100%. A549 cells
in the presence of NAC only increased this production in 16.5% (Fig. 7C). These data show that NAC reduced
the ROS production induced by hmxbato in 83.5%, thus confirming the oxidizing action of this complex on
tumor cells and its important role in the production of cell stress.

Hmxbato causes alterations in the mitochondrial membrane potential (AW,,) of A549 tumor
cells. To assess whether hmxbato promotes changes in the mitochondrial membrane potential (AY,,), A549
and BEAS-2B cells treated with different concentrations of the complex were stained with rhodamine 123, a fluo-
rescent probe that accumulates within mitochondria with polarized membranes. Treatment with the complex
at both concentrations was able to significantly inhibit the fluorescence intensity of A549 cells, demonstrating
its ability to induce AY,, depolarization (Fig. 8A). In addition, there were no statistically significant differences
between the concentrations tested (3.8 uM and 19 uM). Interestingly, BEAS-2B cells treated with 3.8 uM hmx-
bato exhibited increased fluorescence intensity, i.e. they presented A¥,, hyperpolarization in relation to control
cells (Fig. 8B). In contrast, BEAS-2B cells treated with 19 pM showed a reduction in fluorescence intensity, thus
indicating A, depolarization. These results show that hmxbato (3.8 uM) was able to induce A, depolarization
in lung tumor cells.

SCIENTIFIC REPORTS |

(2020) 10:15410 | https://doi.org/10.1038/s41598-020-72420-w



www.nature.com/scientificreports/

A Precursor Hmxbato (3.8uM) Hmxbato (19.0)uM)
Bt 0,7% e mice: 3,500 :vp FRT e mvce: 29,200 ;.(. 4250 Pee FITCe: 29,590
A549 ; 5 :vw. 3,15, g .-"‘_Ct 2,800 ; .]m 4507 ; ,,"M' @67
' I 1
v:P( *: 0,78% PE« FITC +: uoa: "jP( 0N PE~ FITC +: 3,83%] .y.ﬂ T T s AT+ 9.08%]
" { i
1" ! r,; A'é.\‘ ,.,].
g O & g
< Viable: 91,12% CIFTCe: 3,705 o iviable: 88,35% ~IATCe: 7,08%] < Visble: 77,64%
BEAS-ZB 3w %1 ble: 83,35 FITC: 7,08%) 3 .,,]v“u 77,64
o 1
i "l “1
1 i
B S S e I
106 A549
80
1 Control
Fokkk
< 60 1 Hmxbato (3.8 uM)
= I =3 Hmxbato (19.0 uM)
8 40-
20
0 [ | . — =
Apoptosis Necrosis
BEAS-2B
100
80
1 Control
< 60- 1 Hmxbato (3.8 uM)
9; @ Hmxbato (19.0 uM)
8 ao-
— e
20
Apoptosis Necrosis

Figure 5. Hmxbato induced apoptosis in lung tumor cells. Tumor (A549) and normal (BEAS-2B) lung cells were
incubated for 24 h in the absence (control) or presence of hmxbato (3.8 uM and 19 uM) and subjected to annexin
V-FITC and propidium iodide double-staining assay. (A) Dot plot graphs, referring to one of the independent
experiments performed, showing the distribution of A549 and BEAS-2B cells in different quadrants, according to the
incorporation or not of Annexin V (AV) FITC/propidium iodide (PI). Lower left quadrant, viable cells; right lower
quadrant [AV(+)], initial apoptosis; right upper quadrant [AV/PI(+)], late apoptosis; upper left quadrant [PI(+)],
necrosis. (B) Bar graphs showing the quantification of A549 and BEAS-2B cells in apoptosis/necrosis. Data were
expressed as mean * standard deviation of experiments performed in triplicate. Three independent experiments were
performed and over 10,000 cells were analyzed in each replicate. Statistical differences were determined using one-
way ANOVA and Tukey’s multiple comparison test. Significant differences with respect to control were considered

when p<0.1 (*), p<0.01 (**), p<0.001 (***) and p<0.0001 (****).
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Figure 6. Hmxbato induced changes in lung tumor cell morphology and cytoskeleton. Tumor (A549) and normal (BEAS-2B) lung
cells were cultured for 24 h in the absence (control) or presence of hmxbato (3.8 pM and 19 uM) and subjected to confocal microscopy
analysis. (A) The panels show cells labeled with phalloidin-Atto 565 (red) and To-Pro (blue). The images are representative of three
independent experiments. Bar: 20 um. Additionally, the area (size) and the nucleus (B) A549 and (C) BEAS-2B cells were manually
measured using the Image] software (National Institutes of Health, USA). The results were transferred to the GraphPad Prism software
version 6.01 software, where the graphs were built and statistical analyses were performed. Data were expressed as mean + standard
deviation of experiments carried out in triplicate. Three independent experiments were performed and more than 10,000 cells were
analyzed in each triplicate. Statistical differences were determined using one-way ANOVA and Tukey’s multiple comparison test.
Significant differences with respect to control were considered when p<0.1 (*), p<0.01 (**), p<0.001 (***) and p <0.0001 (****).
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Figure 7. Hmxbato increased reactive oxygen species (ROS) levels in lung tumor cells. Tumor (A549) and
normal (BEAS-2B) lung cells were cultured for 4 h in the absence (negative control) or presence of hmxbato

(3.8 uM and 19 pM) and subjected to the CM-H,DCFDA incorporation assay. Bar graphs show the fluorescence
intensity (ROS-positive cells) quantification of A549 (A) and BEAS-2B (B) cells at the different concentrations
tested. Alternatively, the cells were incubated with hmxbato in the presence of NAC and were evaluated using

a flow cytometer. (C) The histogram shows the release of ROS in control cells (gray line), cells treated only

with 3.8 uM hmzxbato (black line) and cells treated with 3.8 uM hmxbato in the presence of NAC (blue line).
The measures obtained by flow cytometry were used to quantify the data shown in the graph. The graph shows
the percentages of ROS release that were calculated considering the treatment with hmxbato in the absence

of NAC as 100% ROS release. Data were expressed as mean * standard deviation of experiments performed in
triplicate. Three independent experiments were performed and over 10,000 cells were analyzed in each replicate.
Statistical differences were determined using one-way ANOVA and Tukey’s multiple comparison test. Significant
differences with respect to control were considered when p<0.1 (*), p<0.01 (**), p<0.001 (***) and p <0.0001

(****).

Hmxbato induces genotoxicity in A549 tumor cells.  To investigate whether hmxbato promotes geno-
toxic effects, the comet assay was performed on A549 and BEAS-2B cells after treatment with the complex for 4 h
(Fig. 9). The following concentrations were used: 0.25 % ICs; (0.95 uM), 0.5 % ICs; (1.9 uM) and 1 xICy, (3.8 pM).
In addition, methyl methanesulfonate (MMS—200 puM) was used as a positive control for genotoxic damage.
After 4 h of treatment, hmxbato induced a statistically significant DNA damage in A549 cells at all concentra-
tions tested (Fig. 9A). In BEAS-2B cells, hmxbato did not promote DNA damage at any of the concentrations
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Figure 8. Hmxbato induced mitochondrial damage in lung tumor cells. Tumor (A549) and normal (BEAS-2B)
lung cells were incubated for 24 h in the absence (control) or presence of hmxbato (3.8 uM and 19 pM)

and stained with rhodamine 123 to detect changes in the mitochondrial membrane potential (AY,,). The
fluorescence intensity of A549 (A) and BEAS-2B (B) cells was quantified by flow cytometry and presented in
bar graphs. Data were expressed as mean + standard deviation of experiments performed in triplicate. Three
independent experiments were performed and over 10,000 cells were analyzed in each replicate. Statistical
differences were determined using one-way ANOVA and Tukey’s multiple comparison test. Significant
differences with respect to control were considered when p<0.1 (*), p<0.01 (**), p<0.001 (***) and p <0.0001
(x-x-x-x-).

evaluated (Fig. 9B). As expected, MMS promoted genotoxic effects on the DNA from both A549 and BEAS-2B
cells. These results corroborate our aforementioned findings, showing that hmxbato exhibits greater action selec-
tivity on tumor cells than on normal lung cells.

Hmxbato increases caspase-9 activity in A549 tumor cells. Considering the antitumor potential
and mitochondrial membrane depolarization induced by the hmxbato complex in A549 tumor cells, we further
investigated the influence of this complex on the intrinsic apoptotic pathway with the Caspase-Glo 9 Assay Kit
(Promega). As shown in Fig. 10, the hmxbato complex promoted a statistically significant induction of the cas-
pase-9 activity in A549 cells, with a 1.96-fold increase when compared to the control. This result supports the
involvement of hmxbato in the apoptosis activation in A549 tumor cells through the intrinsic pathway.

Hmxbato increases the expression of caspase 3 and PARP-1. In order to confirm the involvement
of the hmxbato complex in the caspase pathway and consequent activation of apoptosis, the expression of the
executioner caspase 3 was evaluated using the Cyto Fix / Cyto Perm Kit (BD Pharmingen). As shown in Fig. 11A,
hmxbato promoted a statistically significant increase in caspase-3 expression, an 1.92-fold increase when com-
pared to the control. Also, it is worth mentioning that caspase-3 was able to cleave and activate PARP-1, a nuclear
enzyme that plays a central role in DNA repair. In Fig. 11B, a 1.59-fold increase in the PARP-1 enzyme expres-
sion in A549 cells treated with the hmxbato complex was observed, which is a statistically significant increase
when compared to the control. Together, these results further reinforce the hypothesis that the hmxbato complex
can promote apoptosis by activating the caspase pathway, especially through the intrinsic pathway, and it is also
capable of inducing damage to cell DNA through activation of the PARP-1 enzyme.

DNA docking studies of hmxbato. From the theoretical studies of molecular docking performed in the
AutoDock 4.0 program for DNA (PDB ID: 6G8S), the ten conformations with the best binding energies were
evaluated for both studied complexes. The conformation chosen was the one that had the lowest RMSD (Root
Mean Square Deviation) and the most favorable binding free energy (AGy;,g,,), torsional free energy (AGyyional)
and inhibition constant (Ki) values (Table 2). It should be noted that the first system analyzed was used in the
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Figure 9. Genotoxic effects of hmxbato on tumor and normal lung cells. Tumor (A549) and normal (BEAS-2B)
lung cells were incubated for 4 h with complete medium (negative control), hmxbato (3.8 uM and 19 uM) or
methyl methanesulfonate—MMS (200 pM, positive control) and evaluated by the comet assay. Bar graphs

show the quantification of the tail DNA percentage in (A) A549 and (B) BEAS-2B cells, which was used as a
parameter for DNA damage. Data were expressed as mean + standard deviation of experiments performed in
triplicate. Three independent experiments were performed and at least one hundred nucleoids were analyzed per
sample in each triplicate. Statistical differences were determined using one-way ANOVA and Tukey’s multiple
comparison test. Significant differences with respect to control were considered when p<0.1 (*), p<0.01 (**),
p<0.001 (**) and p<0.0001 (***).

re-docking procedure, which consists in validating whether the docking methodology used can calculate the
binding energy between ruthenium complexes and DNA. Considering Table 2, the A-[Ru(TAP),(11,12-CN,-
dppz)]** ligand showed binding energy of —10.17 kcal mol™ and inhibition constant in the nanomolar order,
which are expected values for drugs with high efficiency of interaction with their targets'®-?!. Thus, considering
that the ligand-DNA complex has RMSD of 0.499 A compared to its complexed structure obtained by X-ray
crystallography, it can be said that the methodology was validated for the characterization of the interaction
of Ru+DNA complexes?. Regarding hmxbato, interaction energy and an inhibition constant favorable to the
formation of the target-ligand complex were observed. This suggests that the compound in question is very
likely to have activity. However, the difference between the binding free energies of the analyzed ligands was
3.25 kcal mol™! less favorable for hmxbato than for the reference ligand A-[Ru(TAP),(11,12-CN,-dppz)]**. This
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Figure 10. Effects of hmxbato on the caspase-9 activity in lung tumor cells. A549 cells were treated with 3.8 uM
of hmxbato and detection of the caspase-9 activity was assessed using the Caspase-Glo 9 Assay kit (Promega).
The graph shows the luminescence values obtained in a microplate reader, processed and analyzed using the
GraphPad Prism software version 6.01. Data were expressed as mean + standard deviation of experiments
performed in triplicate. Three independent experiments were performed. Statistical differences were determined
using one-way ANOVA and Tukey’s multiple comparison test. Significant differences with respect to control

were considered when p<0.1 (*), p<0.01 (**), p<0.001 (***) and p<0.0001 (***).
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Figure 11. Effects of hmxbato on the expression of caspase-3 and PARP-1 in lung tumor cells. A549 cells
treated with 3.8 uM hmxbato were assayed by the CytoFix / Cyto Perm kit (BD Pharmingen) to determine the
caspase-3 and PARP-1 expression levels. The histograms show (A) caspase-3 and (B) PARP-1 expressions in
A549 cells. The bar graphs show the median values for expressions after analysis by GraphPad Prism Software
version 6.01. Data were expressed as mean + standard deviation of experiments performed in triplicate. Three
independent experiments were performed. Statistical differences were determined using one-way ANOVA and
Tukey’s multiple comparison test. Significant differences with respect to control were considered when p<0.1

(*), p<0.01 (**), p<0.001 (***) and p <0.0001 (****).

DNA
Ligands AGyiyging (kcal mol™) AGy,siona (kcal mol™) K; (uM)
[Ru(TAP),(11,12-CN,-dppz)]** | -10.17 +0.55 0.035
Hmxbato -6.96 +3.02 7.850

Table 2. Estimates of binding free energy, torsional energy and their inhibition constants for both DNA

complexes, code 6G8S.

difference is expected because the reference compound is expressively flatter than hmxbato (Fig. 12), which can
be evidenced by the difference of 2.47 kcal mol™ in the torsional energy between the two compounds (Table 2).
Thus, the 3.02 kcal mol™ torsional energy of hmxbato is justified by the greater degree of freedom of this com-
pound, which resulted in a decrease in the binding energy of this magnitude and, consequently, in an inhibition
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[Ru(TAP)2(11,12-CN2-dppz)]2* Hmxbato

Figure 12. Structure of the [Ru(TAP),(11,12-CN,-dppz)]** (left) and hmxbato (right) ligands using the
AutoDock 4.0 program.

Figure 13. Identification of the intermolecular interactions between the hmxbato ligand and DNA, using the
LigPlot program™.

constant value approximately 224 times higher in comparison to the reference ligand, which has a more favora-
ble interaction free energy since it presents a better fit between the DNA double helix and the flat structure of
the compound A-[Ru(TAP),(11,12-CN,-dppz)]**2"*. Based on the hypothesis that interaction between DNA
and hmxbato occurs, the LigPlot program®* was used to understand the nature of those interactions. The results
suggest that hmxbato interacts with DNA through hydrophobic interactions between guanines (DG3 and DG9)
and cytosines (DC1 and DC2) of DNA and aromatic rings of hmxbato, and it remains bound to DNA by hydro-
gen bonding between the hydrogen atom of the -OH group of hmxbato and an oxygen (phosphate) of one of the
guanines of the DNA structure (Fig. 13)!5%.

SCIENTIFICREPORTS|  (2020)10:15410 | https://doi.org/10.1038/s41598-020-72420-w



www.nature.com/scientificreports/

Discussion

Ruthenium complexes have been extensively explored in recent years mainly due to their antitumor®*~*” and
antiparasitic activities. Some studies of our research group have investigated the cytotoxic potential of different
ruthenium complexes against parasites of the Leishmania genus'®*® (Costa et al., 2017; Miranda et al., 2018),
and we have also demonstrated the probable cell death mechanism triggered by ruthenium complex called
3-hydroxy-4-methoxybenzoate (hmxbato)-cis-[Ru"(y-O,CC,H,0,)(dppm),] PF, against Leishmania (Leishma-
nia) amazonensis promastigotes'!. Considering this and the significant anti-Leishmania activity of hmxbato'?,
in the present study, we investigated the cytotoxic effects of hmxbato on tumor cells.

Our results showed cytotoxic potential for hmxbato as well as its selective toxicity against lung tumor cells
from the A549 cell line. Previous studies have demonstrated the cytotoxic activity of ruthenium complexes against
different tumor cell lines. Complexes 1b and 2b containing phenylterpyridine (phtpy) derivatives displayed higher
cytotoxicity on A549 cells after 72 h of treatment, showing ICs, values of 31.7 uM and 29.8 pM, respectively®'.
More recently, three ruthenium complexes containing salicylate as ligand, [Ru(phen),(SA)] (phen=1,10-phen-
anthroline, SA =salicylate, 1), [Ru(dmb),(SA)] (dmb =4,4'-dimethyl-2,2'-bipyridine, 2) and [Ru(bpy),(SA)]
(bpy =2,2'-bipyridine, 3), were analyzed for their cytotoxic potential against lung tumor and non-tumor cells.
Complexes 1, 2 and 3 exhibited cytotoxic activity against A549 cells after 48 h of treatment, with IC;, values
of 17.7 uM, 28.1 uM and 40.5 pM, respectively, while the treatment of BEAS-2B cells showed ICs, values of
62.5 uM, 50.1 and 64.3 uM, respectively®2. The cytotoxic potential of phosphine/diimine ruthenium complexes
against A549 tumor cells was demonstrated after 24 h of treatment with the complexes [Ru(law)(N-N),]PFq,
where N-N is 2,2'-bipyridine (1) or 1,10- phenanthroline (2), and [Ru(law)(dppm)(N-N)]PF,, where dppm
means bis(diphenylphosphino)methane and N-N is 2,2'-bipyridine (3) or 1,10-phenanthroline (4), resulting in
IC;, values of 99.1 uM, 69.1 uM, 4.8 uM and 4.2 uM, respectively®. Thus, our results for hmxbato highlight its
excellent cytotoxic potential against lung tumor cells, since a lower ICy, value (3.8 uM) was found even after 24 h
of treatment. In addition, it is important to note that hmxbato remains stable in DMSO, showing no structural
changes during the 72 h analysis time (supplementary data).

A very important property that must be taken into consideration for the development of a new anticancer
drug is its selectivity of action, i.e. the ability of the drug to promote selective toxicity on tumor cells*. This
property can be assessed through the selective cytotoxicity index (ICS), calculated as the ratio of the IC;, values
for normal and tumor cells. As a result, ICS values<1 indicate a lack of selective cytotoxicity, while values > 1
indicate selective cytotoxicity. The hmxbato showed an excellent ICS (> 10), indicating that this complex pre-
sents preferential cytotoxic action on lung tumor cells. Aiming at its potential as an anticancer molecule, this
characteristic makes the hmxbato complex even more interesting.

Reinforcing the idea of selectivity, it was also demonstrated that hmxbato significantly inhibits the prolifera-
tion and recovery of A549 cells at all concentrations tested, except for the recovery of cells treated with 0.95 pM
hmxbato after 48 h of incubation. This same effect was not observed in BEAS-2B cells, since concentrations of
0.95 uM, 1.9 uM and 3.8 pM did not interfere with normal cell proliferation in the initial times. Taken together,
these results demonstrate that hmxbato at a concentration of 3.8 uM is highly selective and cytotoxic to lung
tumor cells. Furthermore, the hmxbato complex had a negative effect on the survival and proliferation of A549
cells and still interfered negatively in the formation of colonies, since no cells were able to grow and form colonies
even in the presence of the lowest concentrations of the complex. In contrast, BEAS-2B cells survived and later
formed colonies, except for cells treated with the highest concentration (19 uM) of the complex. Other studies
using ruthenium complexes and A549 cells also demonstrated this interference in colony formation®**, but the
concentrations of the complexes required for this effect were higher than those described for hmxbato.

The development of antitumor drugs is linked to the understanding of the mechanisms of action promoted
by the candidate molecules. In this sense, the knowledge of molecular and biochemical mechanisms is of great
relevance®. The probable mechanisms of action of many recently described ruthenium complexes involve
apoptosis?’3236-38,

Most apoptotic pathways involve activation of caspases, and the cytoskeleton may be a target for the proteo-
Iytic activity of some effector caspases. Thus, morphological changes and alterations in the actin cytoskeleton
organization can be seen in apoptotic cells***!. Hmxbato induced significant changes in A549 cell morphology
and caused damage to the cytoskeleton. Another modification that may also be associated with cell death by apop-
tosis is cell cycle arrest*>**. We demonstrated that hmxbato was able to promote a strong G2/M phase arrest in
lung tumor cells. Chen et al. described this same effect on the cell cycle of A549 cells treated with the polypyridyl
complex [Ru(bpy),(pytp)]** (RU2)*. Our results also showed that hmxbato did not promote significant changes
in the cell cycle of normal lung cells.

Some chemotherapeutic drugs, such as doxorubicin and cisplatin, induce increased ROS levels, which would
contribute to cell toxicity*>*°. Hmxbato was also able to promote changes in ROS levels of A549 cells, significantly
increasing the fluorescence intensity of tumor cells treated with different concentrations of the complex. A recent
study using two new polypyridyl ruthenium (II) complexes, called Ru(II)-1 ([Ru(dmp),(CAPIP)](ClO,),) and
Ru(II)-2 ([Ru(dmp),(CFPIP)](ClO,),), also demonstrated increased levels of ROS in A549 cells. In this case,
the complexes at different concentrations caused increases of 40.3 (4.0 pM Ru(II)-1), 17.4 (2.0 uM Ru(II)-1),
44.7 (6.0 uM Ru(II)-2) and 20.3 (3.0 uM Ru(II)-2) times the fluorescence intensity of tumor cells relative to the
control**. Complementarily, we demonstrated that hmxbato promoted a slight increase in ROS levels of non-
tumor cells. Nevertheless, it should be noted that the increase in fluorescence intensity of BEAS-2B cells treated
with 3.8 uM hmxbato was significantly lower when compared to the increase detected for A549 tumor cells. In
addition, the ability of hmxbato to act as an oxidizing molecule, inducing overproduction of ROS in tumor cells
was confirmed by incubating the complex with the NAC inhibitor. As a result, there was a significant decrease
in the ROS formation in cells.

26-29
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ROS are considered essential in cell homeostasis and can perform important functions such as (1) regula-
tion of cell cycle progression and proliferation; (2) regulation of differentiation, migration and cell death; (3)
maintenance of redox balance and (4) immune response interference. However, high levels can induce cell stress,
causing harmful effects that can lead to cell death*#748,

Our results showed that hmxbato induced A549 cell death by apoptosis in approximately half of the treated
cells. Once again, this corroborate other studies described in the literature that also showed A549 cell death by
apoptosis after treatment with different ruthenium complexes®?**>*. We further demonstrated that 3.8 uM
hmxbato only induced a small percentage of death in non-tumor cells, maintaining more than 85% of viable
cells. This difference in the survival of tumor and non-tumor cells treated with hmxbato may be explained by
the fact that tumor cells have higher basal levels of ROS generation in comparison to those of non-tumor cells.
Therefore, tumor cells would have a lower redox homeostasis tolerance threshold than non-tumor cells, thus
making tumor cells more prone to cell death®!. This justifies the results obtained for 3.8 uM hmxbato and the
slight increase in ROS production in BEAS-2B cells, associated with the survival of these cells.

Mitochondria is the main organelle producing ROS and an imbalance between antioxidant defenses and
the production of reactive oxygen species can cause cell damage. In this context, mitochondria play a key role
in programmed cell death®->*. Induced alterations in mitochondrial potential can decrease cell viability>>®.
Our results showed that hmxbato promoted depolarization of the mitochondrial membrane potential of A549
cells treated with both concentrations of the complex. In addition, 3.8 uM hmxbato induced mitochondrial
hyperpolarization in BEAS-2B cells. When hyperpolarization is not accompanied by excessive ROS generation,
it may have a signaling function capable of alleviating damages that could be produced by a subsequent intense
ROS release®>, thus justifying the mitochondrial hyperpolarization without impaired cell survival detected in
BEAS-2B cells after treatment with 3.8 uM hmxbato.

Studies have shown that mitochondrial depolarization can lead to the release of the soluble hemeprotein
cytochrome c, activating caspases and inducing the apoptosis process®**°. Hmxbato increased the caspase-9
activity in A549 cells. This initiator caspase is involved in the process of activating the intrinsic apoptosis that
occurs via mitochondria. In addition, we also demonstrated that hmxbato increased the expression of execu-
tioner caspase 3 in tumor cells. Together, these results suggest that hmxbato induces an overproduction of ROS,
thus causing an imbalance in the redox cell homeostasis and consequent alteration in mitochondrial membrane
potential. In this sense, changes in the mitochondrial potential can induce the activation of caspase-9 (initiating
caspase) and then of caspase-3 (executioner caspase), thus promoting cell death by apoptosis.

Cellular stress can promote the activation of regulatory molecules from repair systems. Among them, we
can highlight the nuclear enzyme PARP-1, which plays a central role in DNA repair. This nuclear enzyme can
be activated by some executioner caspases such as caspase-3 and caspase-7°"-%. The hmxbato complex was able
to increase the expression of the PARP-1 enzyme in A549 cells, indicating its possible interference in the DNA
of cells.

In addition, as demonstrated by the comet assay, hmxbato caused DNA damage in A549 cells after 4 h of
treatment. No genotoxic effects were detected for BEAS-2B non-tumor cells, reinforcing the selectivity of hmx-
bato for tumor cells. Finally, molecular docking studies suggested that the DNA is a possible biological target
for hmxbato, with theorical values of AGy;,,, € K; favorable for hmxbato-DNA system formation. The interac-
tions involved are hydrophobic between guanines (DG3 and DG9) and cytosines (DC1 and DC2) of DNA and
aromatic rings of hmxbato, in addition to the hydrogen bond between the hydrogen atom of the -OH group of
the hmxbato and the oxygen atom (phosphate) from guanine DG10. This interaction may be responsible for
signaling the DNA damage, which would cause oxidative stress in the cell and subsequent significant increases
in ROS levels, leading to alterations in the mitochondrial membrane potential, cell cycle arrest, morphological
changes, inhibition of cell proliferation and DNA damage followed by apoptosis (Fig. 14).

Other studies using ruthenium complexes have demonstrated its cytotoxic potential against different types of
tumors'7*'~%> and the DNA has been the target of these different complexes, which may culminate in cell death
by apoptosis®”**°06% In this sense, it is worth mentioning that in addition to promoting apoptosis, hmxbato
presented selective cytotoxicity for tumor cells, thus ensuring the survival of normal lung cells at the concentra-
tion of 3.8 uM. This important feature makes hmxbato an interesting molecule for prospecting new therapies
for lung cancer.

In conclusion, our original study describes the cytotoxic potential of a ruthenium complex (hmxbato), as
well as its action selectivity for lung tumor cells. Additionally, we found that this complex at a concentration of
3.8 uM promotes significant increased ROS levels in tumor cells, generating oxidative stress and culminating
in: (1) reduction of cell proliferation; (2) changes in cell morphology and organization patterns of the actin
cytoskeleton; (3) cell arrest in the G2/M phase of the cell cycle; (4) apoptosis; (5) changes in the mitochon-
drial membrane potential and (6) DNA damage. In addition, we demonstrated that this same concentration
of hmxbato ensures the survival of most normal lung cells. Furthermore, we demonstrated that the induction
of programmed cell death can occur by the intrinsic apoptotic pathway through the activation of caspases. It
should also be emphasized that the selective action of hmxbato on tumor cells is an uncommon property for most
existing chemotherapeutic agents since most of them also exhibit high toxicity on non-tumor cells. Thus, this
important feature makes this ruthenium complex an interesting candidate for the design of new drugs against
lung cancer. In our future studies, we will investigate the genes involved in the apoptotic pathway, as well as the
pharmacokinetic properties of hmxbato.
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Figure 14. Proposed mechanism of action for the antitumor activity of hmxbato against A549 lung tumor
cells. The interaction of hmxbato with cell DNA causes an oxidative stress which results in increased ROS
production. The ROS overproduction induces the activation of the intrinsic apoptotic pathway due to changes
in the mitochondrial potential. The mitochondrial damage results in cytochrome C release in the cytosol

with subsequent caspase-9 activation. The caspase-9 promotes the caspase-3 activation, which will activate
the enzyme PARP-1. Finally, the cell death is induced by apoptosis, justifying the following cellular events:

(1) changes in mitochondrial potential; (2) cell cycle arrest; (3) morphological changes; (4) inhibition of cell
proliferation and (5) DNA damage.

APOPTOSIS

Methods

Reagents. Cisplatin-Pt(NH;),CL,), hydrogen peroxide solution (H,0,), dimethylsulfoxide (DMSO), peni-
cillin, streptomycin, rhodamine 123, methyl methanesulfonate (MMS), Dulbecco’s Modified Eagle Medium:
Nutrient Mixture F-12 medium (DMEM/F12), were purchased from Sigma Chemical Co. (USA), annexin V
FITC apoptosis detection kit from BD Pharmingen and heat-inactivated fetal bovine serum (FBS) from Cultilab
(Brazil). All other reagents were analytical grade or superior.

Synthesis of ruthenium(ll) complexes. The precursor complex (cis-[Ru"(n?-O,CR)(dppm),]PFs) was
synthesized as described in the literature® and hmxbato (cis-[Ru"(?-O,CC,H,0,)(dppm),]PF,) was synthe-
sized and purified as previously described!®. Additionally, the synthetic route of the hmxbato complex was illus-
trated in Fig. 1. The complexes were solubilized in dimethyl sulfoxide (DMSO) to obtain a 10 mM stock solution
of complex and stored at 4 °C. For the experiments, new dilutions were prepared in culture medium to ensure
that the DMSO concentration did not exceed 0.1% in culture medium. The stability of the complex hmxbato in
DMSO was monitored by *'P {'"H} NMR experiments for a 72 h period using 1.0 x 107> mol L™ solution of the
complex (supplementary data).

Cellular culture. The tumor cell lines A549 (adenocarcinomic human alveolar basal epithelial cells) and
normal BEAS-2B (human bronchial epithelial cells) were obtained from American Type Culture Collection
(ATCC, Manassas,VA). All cells lines were routinely maintained in Dulbecco’s Modified Eagle Medium: Nutri-
ent Mixture F-12 medium (DMEM/F12) supplemented with 10% fetal bovine serum (FBS), 1% penicillin (100
UI mL™) and streptomycin (100 ug mL™')—complete DMEM/F12 and incubated at 37 °C in a humidified 5%
CO, incubator.

In vitro cytotoxicity assay. Briefly, A549 and BEAS-2B cells were plated (2 x 10%cells/well) in 96-well cul-
ture plates containing complete DMEM/F12 medium and incubated at 37 °C in a 5% CO, incubator for 12 h.
Then, cells were incubated with complete DMEM/F12 medium in the absence (control) or presence of different
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concentrations (twofold serial dilution from 200 pM to 0.097 uM) of hmxbato (precursor or ligand-free) for
24 h. Alternatively, cells were also treated with 0.1% DMSO (data not shown). Cisplatin was used as a positive
control. The cell viabilities were assessed by the MTT assay according to Mosmann® with modifications. The
50% inhibitory concentration (ICs) for non-tumor cells and tumor cells were determined by non-linear regres-
sion using the GraphPad Prism Software version 6.01 (GraphPad Software Inc., San Diego, USA). Additionally,
the selective cytotoxicity index (ICS) was defined by the ratio between the IC, of non-tumor cells (BEAS-2B)
and that of tumor cells (A549)°!. The SCI indicates the efficiency of a drug to promote death of tumor cells with
minimal toxicity to non-tumor cells. SCI values greater than 1 indicate a selective cytotoxicity of the hmxbato
complex towards tumor cells. Data were presented as the mean + standard deviations (SD) and the experiments
were performed in quadruplicate and three independent experiments were conducted.

Cell proliferation assay and recovery of cell proliferation. In order to evaluate the effects of hmxbato
on the proliferation of tumor and normal lung cells, 2 x 10* cells/well of A549 and BEAS-2B were cultured in
96-well plates containing complete DMEM/F12 and incubated at 37 °C in a 5% CO, incubator for 12 h. Next,
the cells were incubated with complete DMEM/F12 in the absence (control) or presence of different concentra-
tions of hmxbato (0.95, 1.9, 3.8, 19.0 and 38.0 uM) for 24, 48 e 72 h. The cell proliferation assay was measured by
MTT as previously described and results were expressed as absorbance values at 570 nm. The experiments were
performed in triplicate and three independent experiments were conducted.

Alternatively, the recovery of cell proliferation assay was performed. Here, A549 and BEAS-2B cells were
seeded at a density of 2 x 10* cells/well in 96-well plates. After adhesion (12 h), cells were incubated with com-
plete DMEM/F12 (control), DMEM/F12-FBS free or different concentrations of hmxbato (0.95, 1.9, 3.8, 19.0
and 38.0 uM) for 24 h. Thereafter, the treatment or controls were removed and culture medium containing 10%
FBS (complete DMEM/F12) was added in all plate wells. Then, recovery of cell proliferation was evaluated at 0,
24 and 48 h. The experiments were performed in triplicate and three independent experiments were conducted.

Clonogenic assay. As previously reported®’, the clonogenic assay was performed with some modifications.
Briefly, A549 and BEAS-2B (2 x 10%cells/well) cells were plated in 96-well culture plates containing complete
DMEM/F12 and incubated at 37 °C in a 5% CO, incubator for 12 h. Next, the cells were incubated with complete
DMEM/F12 medium in the absence (control) or presence of hmxbato (1.9, 3.8 and 19 uM) for 24 h. In sequence,
the cells were collected by enzymatic digestion (Trypsin / EDTA), centrifuged at 1500 rpm for 5 min at 4 °C
and seeded (100 cells/well) in 6-well plates containing complete DMEM/F12 medium for 14 days. Finally, the
colonies were fixed and stained with crystal violet. Only the colonies with “50 cells were counted by direct visual
inspection. The experiments were performed in triplicate and three independent experiments were conducted.
The data are presented as the mean + SD.

Cell cycle analysis. The distribution of cell cycle was carried out as described previously®® and analyzed by
flow cytometry. A549 and BEAS-2B (1% 10° cells mL™) cells were placed into a 6-well plate and incubated at
37 °Cina 5% CO, for 12 h. Subsequently, the cells were incubated for 24 h in the absence (control) or presence
of hmxbato (3.8 and 19.0 uM). After incubation, cells were washed in PBS and resuspended in a solution of
70% ice-cold ethanol in PBS and fixed for 18 h at 4 °C. Subsequently, the cells were incubated with 10 pg mL™!
propidium iodide and 100 pg mL™* RNAse A in PBS for 45 min at 37 °C in the dark. The cell population analyses
were performed with a flow cytometer (CytoFLEX Platform—Beckman Coulter) and more than 10,000 events
were acquired. The software Kaluza was used to analyze the percentages of cells in each cell cycle phase: G1, S
and G2-M. The experiments were performed in triplicate and three independent experiments were conducted.
The data are presented as the mean + SD.

Evaluation of apoptosis. A549 and BEAS-2B cells (3 x 10°/well) were incubated in 12-well plates at 37 °C
ina 5% CO, for 12 h and were treated or not (control) with 3.8 and 19.0 uM of hmxbato for 24 h. Subsequently,
the cells were incubated with a specific binding buffer containing annexin V-FITC and propidium iodide (BD
Bioscience, Brazil) for 15 min at 25 °C, in the dark, according to manufacturer’s instructions. Immediately, cells
were analyzed by flow cytometer (CytoFLEX Platform—Beckman Coulter) and more than 10,000 events were
acquired. Cells treated with cisplatin (400 uM) or formaldehyde (4%) were used as internal controls for apoptosis
and necrosis, respectively. The Kaluza software was used for the analysis of results and the quantitative graphs
represent the average values obtained in independent experiments. The total percentage of cells in apoptosis was
considered as the sum of both early and late apoptosis (annexin V-FITC positive), lower and upper right quad-
rants in the two-parameter flow cytometric dot plots, as previously described".

Cellular morphology analysis. As previously reported!!, the cellular morphology analysis assay was
performed with some modifications. To evaluate the effect of the complex on the morphology of normal and
tumor lung cells, they were stained with Alexa Fluor 488 phalloidin. A549 and BEAS-2B (1 x 10%/well) were
incubated in 24-well plates at 37 °C in a 5% CO, for 12 h and were treated or no (control) with 3.8 and 19.0 yM
of hmxbato for 24 h. The cells were washed in PBS, fixed with 4% formaldehyde for 30 min and permeabilized
with 0.1% saponin (PGN—saponin). After, cells were stained with 50 pg mL™" fluorescent phalloidin conjugate
(phalloidin-Atto 565) and To-Pro solution for 50 min at 25 °C in a humidified chamber according to the manu-
facturer’s instructions. The cell morphology was analyzed in a confocal microscope (Zeiss LSM510 Meta) and
captured images were processed using the software Adobe Photoshop 5.5 (Adobe Systems, Inc., Mountain View,
CA, USA). Alternatively, the cell area and the nucleus area were manually measured using the Image] software
(National Institutes of Health, USA) and presented in a bar graph.
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Measurement of reactive oxygen species. ROS levels were measured through CM-H2DCFDA
(5-(and-6)-chloromethyl-2',7'dichlorodihydrofluorescein diacetate acetyl ester) fluorescent dye. A549 and
BEAS-2B cells were seeded at a density of 3x10° cells/mL in 12-well plates and incubated at 37 °C in a 5%
CO, for 12 h. Then, cells were treated or not (control) with 3.8 and 19.0 uM of hmxbato for 4 h. Alternatively,
A549 cells were treated for 4 h with 3.8 uM hmxbato and 5 mM NAC (N-acetylcysteine), an thiol-containing
antioxidant capable of stimulating glutathione synthesis, thus inhibiting the ROS production®. After the treat-
ments, cells were washed twice with PBS and incubated with 10 uyM CM-H,DCFDA (Invitrogen) and 10 ug/mL
propidium iodide for 30 min at 37+0.5 °C in the dark. The cells were analyzed by flow cytometer (CytoFLEX
Platform—Beckman Coulter) and more than 10,000 events were acquired. Cells treated with hydrogen peroxide
(0.1 mM) for 20 min were used as an internal positive control. The Kaluza software was used for the analysis of
results and the graphs represent the average values. This assay was performed in triplicate and three independent
experiments were conducted.

Evaluation of mitochondrial damage (AW,,). Mitochondrial membrane potential (A¥,,) was measured
through a specific fluorescent dye that accumulates within active mitochondria—Rhodamine 123 (Rh 123).
A549 and BEAS-2B cells (3% 10° cells mL™") were placed into a 12-well plate and incubated at 37 °C in a 5%
CO, for 12 h. After cell adhesion, cells were cultured in the absence (control) or presence of hmxbato (3.8 and
19.0 uM) for 24 h. Following, cells were washed 2 x with PBS and incubated with Rh 123 (15 ug mL™") for 15 min
at 37 °C under light protection. Immediately, cells were analyzed by flow cytometer (CytoFLEX Platform—
Beckman Coulter) and more than 10,000 events were acquired. The software Kaluza was used to the analysis of
results and the graphs represent the average values. This assay was performed in triplicate and three independent
experiments were conducted.

Comet assay. The comet assay was performed according to the protocol proposed by Tice et al.”’. Briefly,

A549 and BEAS-2B (2 x 10° cells/ well) cells in complete DMEM/F12 medium were cultured in 24-well plates
for 12 h and, after stabilization, the cells were stimulated with hmxbato (3.8, 1.9 and 0.95 pM), medium (nega-
tive control) or methyl methanesulfonate (MMS) (200 uM; positive control) for 4 h. Cell viability was deter-
mined by the Trypan blue exclusion technique, using the Countess Automated Cell Counter (Life Technologies,
Carlsbad, USA). Cultures with cell viability greater than 70% were subjected to the comet assay, as follows:
20 uL of cell suspension was transferred to agarose-coated slides, covered with coverslips and cooled at 4 °C
for 30 min. Then, coverslips were removed; the slides were immersed in freshly prepared lysis solution (2.5 M
NaCl, 100 mM EDTA, 10 mM Tris, pH 10) and incubated overnight at 4 °C. Thereafter, the electrophoresis was
conducted in a chamber filled with buffer (300 mM NaOH and 1.0 mM EDTA; pH > 13), under standard condi-
tions (25 V; 300 mA; 1.25 V/cm) for 20 min. The slides were then neutralized (0.4 M Tris, pH 7.5), air-dried, and
fixed in absolute ethanol for 5 min. Finally, the slides were stained with a GelRed™ solution in PBS (1:10,000,
v/v) for 3 min, and analyzed in a fluorescence microscope (Carl Zeiss, Axiostar Plus, Jena, Germany) using a
515-560 nm excitation filter and a 590 nm filter barrier, at 200 x magnification with the aid of the Comet Assay
IV software (Perceptive Instruments, Haverhill, UK). One hundred nucleoids were analyzed per sample and, in
total, three cultures were performed per treatment (300 nucleoids). The tail intensity, which means the percent-
age of DNA in the tail, was used as a parameter of DNA damage.

Analysis of caspase-9 activity in A549 tumor cells. The activation of caspase-9 was measured using
the Caspase-Glo 9 Assay kit (Promega-USA) according to the manufacturer’s guidelines. The assay provides a
luminogenic substrate for caspase-9 in a buffer system. Thus, the addition of the reagent results in cell lysis, fol-
lowed by the cleavage of caspase and the release of aminoluciferin, a substrate for the enzyme luciferase. Briefly,
A549 cells (3 x 10* cells/well) were cultivated in 96-well plate and incubated at 37 °C in a 5% CO, for 12 h. After
adhesion, cells were treated or not (control) with 3.8 uM of hmxbato for 24 h. Then, cells were washed with PBS
buffer and the kit reagent added in a 1:1 ratio (PBS: kit reagent). The plate was centrifuged at 10 xg for approxi-
mately 2 min and incubated at room temperature protected from light for 45 min. Finally, luminescence was
evaluated in a Glomax Discover Promega microplate reader. The GraphPad Prism 6 software was used for the
analysis of results and the graphs represent the average values. This assay was performed in triplicate and three
independent experiments were conducted.

Analysis of caspase-3 and PARP-1 expression.  A549 cells were cultivated in culture bottles (107 cells/
bottle) and kept at 37 °C in a 5% CO, until reaching 80% confluence. Subsequently, the cells were fixed and
permeabilized with the CytoFix/CytoPerm kit (BD Pharmingen) and incubated for 24 h with complete DMEM/
F12 medium in the absence (control) or presence of treatment (3.8 uM hmxbato). After treatment, the cells were
incubated with anti-Caspase-3 antibody (Thermo Fisher Scientific, 700,182, 1: 100) and anti-PARP-1 antibody
(Sigma-Aldrich, AV33754, 1: 100) for 1 h at 25° C. After incubation with primary antibodies, the cells were
washed with PBS and incubated with a goat anti-rabbit IgG secondary antibody conjugated to FITC (1: 200;
656,111, Invitrogen) for 1 h at 25° C and protected from light. The cells were analyzed in quadruplicates by flow
cytometry (BD Accuri C6) and two independent experiments were conducted. For each sample, 10,000 events
were collected. The graphs were properly analyzed, and the Caspase 3 and PARP-1 expressions determined by
the Flow]Jo software (Treestar). In order to quantify the expression, the median values of the generated histo-
grams were collected and analyzed in the GraphPad Prism Software version 6.01 software (GraphPad Software
Inc., La Jolla, CA), being represented by bar graphs.
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DNA docking studies. The crystal structure of the DNA considered as target was the duplex d(CCGGAC
CCGG/CCGGGTCCGR), complexed with [Ru(TAP)2(11,12-CN2-dppz)]**, PDB code: 6g8s. This system was
considered to validate the efficiency of the molecular docking methodology to describe the correct binding
mode and intermolecular interactions between Hmxbato and DNA. The redock procedures were done using
the AutoDockTools 1.5.6 (Scanner) interface along with autogrid4 and autodock4 (AD4). To prepare the ligand
Ruthenium(II) complex (Hmxbato) to molecular docking, the AutoDockTools 1.5.6 added Gasteiger charges
and converted the crystal structures to the format required for AD4 (Sanner, n.d.). The settings used for the
Lamarckian genetic algorithm in Autodock were: 150 individuals in a population; 25,000,000 maximum energy
evaluations; 27,000 maximum generations; one individual surviving into next-generation; 150 genetic algorithm
docking runs; and a ranked cluster analysis was performed on each docking calculation. The Autodock Binding
Energy was used for scoring.

Statistical analysis. The results show data expressed as mean + standard deviation of assays developed in
triplicate by at least three independent experiments. Firstly, the data were checked for a normal distribution.
Statistically significant differences between experimental and control samples were determined by one-way
ANOVA and Tukey’s multiple comparison test (GraphPad Prism software version 6.01). The data showed statis-
tical significance when value p < 0.05 (*). Higher significance data were considered for values p < 0.01 (**), p <
0.001 (***) and p < 0.0001 (****).

Received: 2 April 2020; Accepted: 31 August 2020
Published online: 21 September 2020

References

1. Bray, E et al. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185
countries. CA A Cancer J. Clin. 68, 394-424 (2018).

2. Rahib, L. et al. Projecting cancer incidence and deaths to 2030: the unexpected burden of thyroid, liver, and pancreas cancers in
the United States. Can. Res. 74, 2913-2921 (2014).

3. Brabec, V. & Kasparkova, J. Ruthenium coordination compounds of biological and biomedical significance DNA binding agents.
Coordination Chem. Rev. 376, 75-94 (2018).

4. Johnstone, T. C., Suntharalingam, K. & Lippard, S. J. The next generation of platinum drugs: targeted Pt(II) agents, nanoparticle
delivery, and Pt(IV) prodrugs. Chem. Rev. 116, 3436-3486 (2016).

5. Meggers, E. Exploring biologically relevant chemical space with metal complexes. Curr. Opin. Chem. Biol. 11, 287-292 (2007).

6. Zhang, X. et al. Recent advances in ruthenium and platinum based supramolecular coordination complexes for antitumor therapy.
Colloids Surf., B 182, 110373 (2019).

7. Bai, M. et al. Chiral ruthenium(II) complex A-[Ru(bpy)2(o-FMPIP)] (bpy = bipyridine, o-FMPIP = 2-(2'-trifluoromethyphenyl)
imidazo[4,5-f][1,10]phenanthroline) as potential apoptosis inducer via DNA damage. Eur. J. Pharmacol. 853, 49-55 (2019).

8. Liu, J., Lai, H., Xiong, Z., Chen, B. & Chen, T. Functionalization and Cancer-targeting design of ruthenium complexes for precise
cancer therapy. Chem. Commun. 55, 1-12 (2019).

9. Rilak Simovi¢, A., Masnikosa, R., Bratsos, I. & Alessio, E. Chemistry and reactivity of ruthenium(II) complexes: DNA/protein
binding mode and anticancer activity are related to the complex structure. Coord. Chem. Rev. 398, 113011 (2019).

10. Costa, M. S. et al. Anti- Leishmania activity of new ruthenium(II) complexes: Effect on parasite-host interaction. J. Inorg. Biochem.
175, 225-231 (2017).

11. Costa, M. S. et al. Increased ROS generation causes apoptosis-like death: Mechanistic insights into the anti-Leishmania activity
of a potent ruthenium(II) complex. J. Inorg. Biochem. 195, 1-12 (2019).

12. Iniguez, E. et al. Ruthenium-Clotrimazole complex has significant efficacy in the murine model of cutaneous leishmaniasis. Acta
Trop. 164, 402-410 (2016).

13. Iniguez, E. et al. Metal-drug synergy: new ruthenium(II) complexes of ketoconazole are highly active against Leishmania major
and Trypanosoma cruzi and nontoxic to human or murine normal cells. J Biol Inorg Chem 18, 779-790 (2013).

14. Fandzloch, M. et al. Strategies for overcoming tropical disease by ruthenium complexes with purine analog: Application against
Leishmania spp. and Trypanosoma cruzi. J. Inorg. Biochem. 176, 144-155 (2017).

15. Sanchez-Delgado, R. A. Metal complexes as chemotherapeutic agents against tropical diseases: trypanosomiasis Malaria and
Leishmaniasis. MRMC 4, 23-30 (2004).

16. Williamson, J. & Scott-Finnigan, T. J. Trypanocidal activity of antitumor antibiotics and other metabolic inhibitors. Antimicrob.
Agents Chemother. 13, 735-744 (1978).

17. Robles-Escajeda, E., Martinez, A., Varela-Ramirez, A., Sdnchez-Delgado, R. A. & Aguilera, R. J. Analysis of the cytotoxic effects
of ruthenium-ketoconazole and ruthenium-clotrimazole complexes on cancer cells. Cell Biol Toxicol. 29, 431-443 (2013).

18. Caruso, E et al. Ruthenium-arene complexes of curcumin: X-ray and density functional theory structure, synthesis, and spectro-
scopic characterization, in vitro antitumor activity, and DNA docking studies of ( p -Cymene)Ru(curcuminato)chloro. J. Med.
Chem. 55, 1072-1081 (2012).

19. Gopalakrishnan, D. et al. Water soluble Ru( 11 )-arene complexes of the antidiabetic drug metformin: DNA and protein binding,
molecular docking, cytotoxicity and apoptosis-inducing activity. RSC Adv. 7, 37706-37719 (2017).

20. Gupta, R. K. et al. DNA/protein binding, molecular docking, and in vitro anticancer activity of some thioether-dipyrrinato com-
plexes. Inorg. Chem. 52, 13984-13996 (2013).

21. Karami, K., Alinaghi, M., Amirghofran, Z. & Lipkowski, ]. Synthesis and characterization of two new trans palladium (II) complexes
containing benzylamine ligand: DNA/BSA interactions, molecular docking and in vitro cytotoxic activity. Inorg. Chim. Acta 471,
797-807 (2018).

22. McQuaid, K., Hall, J. P, Brazier, J. A., Cardin, D. J. & Cardin, C. J. X-ray crystal structures show DNA stacking advantage of terminal
nitrile substitution in Ru-dppz complexes. Chem. Eur. J. 24, 15859-15867 (2018).

23. Miserachs, H. G. et al. Antitumor and antiparasitic activity of novel ruthenium compounds with polycyclic aromatic ligands. J.
Inorg. Biochem. 150, 38-47 (2015).

24. Wallace, A. C., Laskowski, R. A. & Thornton, J. M. LIGPLOT: a program to generate schematic diagrams of protein-ligand interac-
tions. Protein Eng. Des. Sel. 8, 127-134 (1995).

SCIENTIFIC REPORTS |

(2020) 10:15410 | https://doi.org/10.1038/s41598-020-72420-w



www.nature.com/scientificreports/

25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
. Green, D. R. & Llambi, FE. Cell Death Signaling. Cold Spring Harb. Perspect. Biol. 7, 2006080 (2015).
41.
42.
43.
44.
45.
46.
47.

48.
49.

50.
51.
52.

53.
. Rigoulet, M., Yoboue, E. D. & Devin, A. Mitochondrial ROS generation and its regulation: mechanisms involved in H,O, Signaling.

55.

56.
57.

58.
59.

60.
. Robles-Escajeda, E. et al. A novel curcumin-like dienone induces apoptosis in triple-negative breast cancer cells. Cell Oncol. 39,

62.
63.

64.

65.
66.

67.

Chen, H. et al. Organometallic ruthenium(II) diamine anticancer complexes: arene-nucleobase stacking and stereospecific hydro-
gen-bonding in guanine adducts. J. Am. Chem. Soc. 124, 3064-3082 (2002).

Carnizello, A. P. et al. In vitro and in vivo antitumor activity of a novel carbonyl ruthenium compound, the ct-[RuCI(CO)(dppb)
(bipy)]PF6[dppb = 1,4-bis(diphenylphosphine)butane and bipy = 2,2'-bipyridine]. J. Inorg. Biochem. 164, 42-48 (2016).

de Souza Oliveira, M. et al. Ru(II)-thymine complex causes cell growth inhibition and induction of caspase-mediated apoptosis
in human promyelocytic leukemia HL-60 cells. IJMS 19, 1609 (2018).

Qin, Q.-P. et al. High in vitro and in vivo tumor-selective novel ruthenium(II) complexes with 3-(2'-benzimidazolyl)-7-fluoro-
coumarin. ACS Med. Chem. Lett. 10, 936-940 (2019).

Silva, H. V. R. et al. Phosphine/diimine ruthenium complexes with Cl-, CO, NO+, NO2—-, NO3- and pyridine ligands: Pro-
apoptotic activity on triple-negative breast cancer cells and DNA/HSA interactions. Polyhedron 144, 55-65 (2018).

Miranda, V. M. et al. In vitro leishmanicidal activity and theoretical insights into biological action of ruthenium(II) organometallic
complexes containing anti-inflammatories. Biometals 31, 1003-1017 (2018).

Deng, Z. et al. Ruthenium complexes with phenylterpyridine derivatives target cell membrane and trigger death receptors-mediated
apoptosis in cancer cells. Biomaterials 129, 111-126 (2017).

Chen, J. et al. Ruthenium(II) salicylate complexes inducing ROS-mediated apoptosis by targeting thioredoxin reductase. J. Inorg.
Biochem. 193, 112-123 (2019).

De Grandis, R. A. et al. Novel lawsone-containing ruthenium(II) complexes: Synthesis, characterization and anticancer activity
on 2D and 3D spheroid models of prostate cancer cells. Bioorg. Chem. 85, 455-468 (2019).

Loépez-Lazaro, M. How many times should we screen a chemical library to discover an anticancer drug?. Drug Discov. Today 20,
167-169 (2015).

Dias, J. S. M. et al. Pro-apoptotic activity of ruthenium 1-methylimidazole complex on non-small cell lung cancer. J. Inorg. Biochem.
187, 1-13 (2018).

Dabiri, Y. et al. A ruthenium(II) N-heterocyclic carbene (NHC) complex with naphthalimide ligand triggers apoptosis in colorectal
cancer cells via activating the ROS-p38 MAPK pathway. IJMS 19, 3964 (2018).

Lu, Y, Shen, T., Yang, H. & Gu, W. Ruthenium complexes induce HepG2 human hepatocellular carcinoma cell apoptosis and
inhibit cell migration and invasion through regulation of the Nrf2 pathway. IJMS 17, 775 (2016).

Wan, D. et al. Synthesis and anticancer properties of ruthenium (II) complexes as potent apoptosis inducers through mitochondrial
disruption. Eur. J. Med. Chem. 139, 180-190 (2017).

Crawford, E. D. & Wells, J. A. Caspase Substrates and Cellular Remodeling. Annu. Rev. Biochem. 80, 1055-1087 (2011).

Redza-Dutordoir, M. & Averill-Bates, D. A. Activation of apoptosis signalling pathways by reactive oxygen species. Biochimica et
Biophysica Acta (BBA) Mol. Cell Res. 1863, 2977-2992 (2016).

Alghamian, Y., Abou Alchamat, G., Murad, H. & Madania, A. Effects of y-radiation on cell growth, cell cycle and promoter meth-
ylation of 22 cell cycle genes in the 1321NI astrocytoma cell line. Adv. Med. Sci. 62, 330-337 (2017).

Jiang, G.-B. et al. Design and synthesis of new ruthenium polypyridyl complexes with potent antitumor activity in vitro. Spectro-
chim. Acta Part A Mol. Biomol. Spectrosc. 220, 117132 (2019).

Chen, J. et al. Investigation of inducing apoptosis in human lung cancer A549 cells and related mechanism of a ruthenium(II)
polypyridyl complex. Inorg. Chem. Commun. 69, 35-39 (2016).

Conklin, K. A. Chemotherapy-associated oxidative stress: impact on chemotherapeutic effectiveness. Integr. Cancer Ther. 3, 294-300
(2004).

Marullo, R. et al. Cisplatin induces a mitochondrial-ROS response that contributes to cytotoxicity depending on mitochondrial
redox status and bioenergetic functions. PLoS ONE 8, e81162 (2013).

Covarrubias, L., Hernandez-Garcia, D., Schnabel, D., Salas-Vidal, E. & Castro-Obregon, S. Function of reactive oxygen species
during animal development: Passive or active?. Dev. Biol. 320, 1-11 (2008).

Zhang, J. et al. ROS and ROS-mediated cellular signaling. Oxid. Med. Cell. Longevity 2016, 1-18 (2016).

Mohamed Subarkhan, M. K. et al. Novel tetranuclear ruthenium(II) arene complexes showing potent cytotoxic and antimetastatic
activity as well as low toxicity in vivo. Eur. ]. Med. Chem. 179, 246-256 (2019).

Tang, J.-Y. et al. Oxidative stress-modulating drugs have preferential anticancer effects—involving the regulation of apoptosis,
DNA damage, endoplasmic reticulum stress, autophagy, metabolism, and migration. Semin. Cancer Biol. 58, 109-117 (2019).
Trachootham, D., Alexandre, J. & Huang, P. Targeting cancer cells by ROS-mediated mechanisms: a radical therapeutic approach?.
Nat. Rev. Drug. Discov. 8, 579-591 (2009).

Abate, M. et al. Mitochondria as playmakers of apoptosis, autophagy and senescence. Semin. Cell Dev. Biol. $1084952118301873
(2019) https://doi.org/10.1016/j.semcdb.2019.05.022.

Otera, H. & Mihara, K. Mitochondrial dynamics: functional link with apoptosis. Int. J. Cell Biol. 2012, 1-10 (2012).

Antioxid. Redox Signal. 14, 459-468 (2011).

Zorov, D. B., Juhaszova, M. & Sollott, S. J. Mitochondrial ROS-induced ROS release: An update and review. Biochimica et Biophysica
Acta (BBA) Bioenergetics 1757, 509-517 (2006).

Zorova, L. D. et al. Mitochondrial membrane potential. Anal. Biochem. 552, 50-59 (2018).

Boice, A. & Bouchier-Hayes, L. Targeting apoptotic caspases in cancer. Biochimica et Biophysica Acta (BBA) Molecular Cell Research
1867, 118688 (2020).

Chaitanya, G., Alexander, J. S. & Babu, P. PARP-1 cleavage fragments: signatures of cell-death proteases in neurodegeneration.
Cell Commun. Signal 8, 31 (2010).

Germain, M. et al. Cleavage of automodified poly(ADP-ribose) polymerase during apoptosis: evidence for involvement of caspase-7.
J. Biol. Chem. 274, 28379-28384 (1999).

Ning, J. & Wakimoto, H. Therapeutic application of PARP inhibitors in neuro-oncology. Trends Cancer 6, 147-159 (2020).

265-277 (2016).

Leijen, S. et al. Phase I/1I study with ruthenium compound NAMI-A and gemcitabine in patients with non-small cell lung cancer
after first line therapy. Invest. New Drugs 33,201-214 (2015).

Trondl, R. et al. NKP-1339, the first ruthenium-based anticancer drug on the edge to clinical application. Chem. Sci. 5, 2925-2932
(2014).

de Sousa, I. H. et al. Ruthenium (II) complexes with N, O-chelating proline and threonine ligands cause selective cytotoxicity by
the induction of genomic instability, cell cycle arrest and apoptosis in breast and prostate tumor cells. Toxicol. In Vitro 62, 104679
(2020).

Sullivan, B. P, Meyer, T. ]. Comparisons of the physical and chemical properties of isomeric pairs. 2. Photochemical, thermal and
electrochemical cis-trans isomerizations of M(Ph2PCH2PPh2)2CI2 (M = Rull, OslI). Inorg. Chem. 21, 1037-1040 (1982).
Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J.
Immunol. Methods 65, 55-63 (1983).

Franken, N. A. P, Rodermond, H. M., Stap, J., Haveman, J. & van Bree, C. Clonogenic assay of cells in vitro. Nat. Protoc. 1,
2315-2319 (2006).

SCIENTIFIC REPORTS |

(2020) 10:15410 | https://doi.org/10.1038/s41598-020-72420-w


https://doi.org/10.1016/j.semcdb.2019.05.022

www.nature.com/scientificreports/

68. Wu, Q. et al. Arene ruthenium( 11 ) complex, a potent inhibitor against proliferation, migration and invasion of breast cancer cells,
reduces stress fibers, focal adhesions and invadopodia. Metallomics 6, 2204-2212 (2014).

69. Gillissen, A. et al. Nacystelyn, a novel lysine salt of N-acetylcysteine, to augment cellular antioxidant defence in vitro. Respir. Med.
91, 159-168 (1997).

70. Tice, R. R. et al. Single cell gel/comet assay: Guidelines for in vitro and in vivo genetic toxicology testing. Environ. Mol. Mutagen.
35,206-221 (2000).

Acknowledgements

We thank the technician Mariani Borges Franco from the Institute of Cell Biology of UFU for her assistance with
the confocal microscopy. This study was supported by Brazilian Agencies of Research: Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico (CNPq) (479000/2013-1); Coordenagdo de Aperfeicoamento de Pes-
soal de Nivel Superior (CAPES) (PNPD20131333-32006012006PO); Fundagao de Amparo a Pesquisa do Estado
de Minas Gerais (FAPEMIG) (APQ-01307-17, APQ-01401-17, APQ-01637-15, APQ-02558-13); Fundacéo de
Amparo a Pesquisa do Estado de Sdo Paulo (FAPESP)—Center of Toxins, Immune Response and Cell Signaling
(CeTICS): Grant Number: 2014/24170-5 and Nanobiotechnology INCT TeraNano-CNPq/CAPES/FAPEMIG,
Grant numbers CNPq-465669/2014-0).

Author contributions

M.S.C. and K.A.G.Y. conceived the presented idea. Y.G.G. and G.V.P contributed to sample preparation. M.S.C.,
B.C.B.,, M.K.A,, M.A.P.Z. and T.G.A. carried out the experiments. M.S.C., E.EF. and M.].B.S. developed the theory
and performed the computation analyses. M.S.C., LM.G.A., R.S.R., T.R.C,, and L.R.G contributed to the inter-
pretation of the results. M.S.C wrote the manuscript with support from K.A.G.Y. and V.M.R. K. A.G.Y supervised
the project. All authors reviewed the manuscript. All authors contributed to the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-72420-w.

Correspondence and requests for materials should be addressed to M.S.C. or K.A.G.Y.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

ov License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:15410 | https://doi.org/10.1038/s41598-020-72420-w


https://doi.org/10.1038/s41598-020-72420-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Ruthenium (II) complex cis-[RuII(ŋ2-O2CC7H7O2)(dppm)2]PF6-hmxbato induces ROS-mediated apoptosis in lung tumor cells producing selective cytotoxicity
	Anchor 2
	Anchor 3
	Results
	Hmxbato exhibits high selectivity and cytotoxic potential against A549 tumor cells. 
	Hmxbato interferes with A549 tumor cell proliferation and recovery. 
	Hmxbato prevents the clonogenic ability of A549 tumor cells. 
	Hmxbato induces tumor cell arrest in the G2M phase of the cell cycle. 
	Hmxbato induces apoptosis in A549 tumor cells. 
	Hmxbato promotes changes in A549 tumor cell morphology associated with cytoskeleton alterations. 
	Hmxbato significantly increases ROS generation in A549 tumor cells. 
	Hmxbato causes alterations in the mitochondrial membrane potential (∆Ψm) of A549 tumor cells. 
	Hmxbato induces genotoxicity in A549 tumor cells. 
	Hmxbato increases caspase-9 activity in A549 tumor cells. 
	Hmxbato increases the expression of caspase 3 and PARP-1. 
	DNA docking studies of hmxbato. 

	Discussion
	Methods
	Reagents. 
	Synthesis of ruthenium(II) complexes. 
	Cellular culture. 
	In vitro cytotoxicity assay. 
	Cell proliferation assay and recovery of cell proliferation. 
	Clonogenic assay. 
	Cell cycle analysis. 
	Evaluation of apoptosis. 
	Cellular morphology analysis. 
	Measurement of reactive oxygen species. 
	Evaluation of mitochondrial damage (∆Ψm). 
	Comet assay. 
	Analysis of caspase-9 activity in A549 tumor cells. 
	Analysis of caspase-3 and PARP-1 expression. 
	DNA docking studies. 
	Statistical analysis. 

	References
	Acknowledgements


