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Chiral ruthenium(i) complex as potent
radiosensitizer of 2| through DNA-damage-
mediated apoptosist

Mingjun Bai,1* Zhaolin Zeng,1” Li Li,> Qiong Wu, ©*° Yanyang Zhang,? Tao Pan,”
Luwen Mu, &2 Duo Zhu,? Shouhai Guan,*? Qiang Xie*? and Wenjie Mei &°

A chiral ruthenium() complex, A-[Ru(bpy).(0-tFMPIP)] (ClO4), (o-tFMPIP = 2’-trifluoromethylphenyl)
imidazo [4,5-f1[1,10]phenanthroline, was prepared and evaluated for its enhancement of the
radiosensitivity of 12°| seeds. The synthetic Ru(i) complex, LR042, effectively enhanced growth inhibition
against HepG2 human hepatocellular liver carcinoma cells induced by '?°| seeds and consequently
effectively promoted the apoptosis of tumor cells with increasing level of cleave-caspase-3.
Furthermore, the results of immunofluorescence indicated that LRO42 enhanced the phosphorylation of
H2AX by 1%°| seeds vigorously in response to damaged DNA. LRO42 improved DNA damage induced by
125| seeds, which resulted in apoptosis through the activation of the p53/AKT signal. In conclusion,
synthetic LRO42 can be further developed as a potential radiosensitizer of *2° seed radiotherapy for

rsc.li/rsc-advances cancer therapy.

1. Introduction

For decades, radiotherapy is one of the most common and
effective tumor therapy techniques in clinical use. Generally,
radiotherapy is commonly used as a clinical noninvasive means
to treat tumors. High-energy X-rays or y-rays kill tumor cells by
inducing DNA damage or causing radical damage that in turn
breaks down the DNA."” However, the application of radio-
therapy technology to cancer treatment has many limitations.
Radiotherapy has inefficient ability against cancer cells,
because of the strong resistance of cancer cells to external beam
radiotherapy (EBRT),®> and high rate of local recurrence.*
Furthermore, adjacent normal tissues could be damaged in the
process of radiation treatment.” Therefore, exploring a new
treatment modality for tumor patients is necessary to overcome
the effect of EBRT and reduce its side effects on the surrounding
normal tissue.

1251 seeds have an average energy of 27.4-31.4 keV, and their
valid radius is 1.7 cm in tissue.® They have been widely applied
for permanent implantation in the treatment of cancers due to
their high precision and low complication rate.” '*°I seeds can
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reduce the damage to the surrounding normal tissues and
medical personnel. When low-energy '*°I seeds are implanted,
the gamma rays can be focused on the target area.® Thus, '*°I
seeds have been applied to the treatment of head and neck
carcinoma, recurrent colorectal cancer.>*® However, '*°I seed
radiotherapy still cannot eradicate hypoxic tumors efficiently
due to their insensitivity to radiation."

To enhance the sensitivity to '*°I seed radiation, the
combination of chemotherapy and radiotherapy has become
a standard treatment option.'” It's reported that gold nano-
particles (GNPs) can enhance radiotherapeutic efficacy of ">°I
and use as tumor-targeted radiosensitizer in oncotherap.™
Currently, ruthenium(u) complexes, which show excellent
inhibitory activity against various tumors but low cytotoxicity
toward human normal cells, have been widely studied for their
potential utility in chemotherapy. Increasing numbers of ruth-
enium(un) complexes have been developed as potential anti-
cancer drugs. For instance, NAMI-A and KP1019 have been
successfully entered into clinical trials.'*** Gasser and
coworkers found that polypyridyl ruthenium(u) complexes can
develop into potential apoptosis inducers of cancer cells.*
Different ruthenium complexes have anticancer effects against
a variety of cancer cells, especially against metastatic
cancers.””™ Our previous study found [Ru(phen),(p-
tFMPIP)](ClO,), as a potential dual functional agent for the
inhibition of the proliferation of tumor cells through stabilizing
c-myc G4 DNA.*° Therefore, ruthenium(ur) complexes may also be
candidate agents for radiosensitization.

Inspired by these findings, the present study synthesized
a chiral ruthenium(u) complex and found that such a complex can

This journal is © The Royal Society of Chemistry 2018
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effectively enhance the "*°linduced growth inhibition against
human hepatocellular liver carcinoma (HepG2) cells through the
induction of apoptosis by triggering DNA damage. The complex
also activated p53 signaling pathways to enhance the anticancer
efficacy of radiation. In summary (Scheme 1), synthetic LR042 is
a promising radiation sensitizer for **°I seed radiotherapy.

2. Experimental
2.1 Materials and methods

All reagents and solvents were purchased commercially and used
without purification unless noted. Distilled water was used in all
experiments. All aqueous solutions were prepared with double-
distilled water. Ruthenium(m) chloride hydrate was purchased
from Mitsuwa Chemical. cis-Ru(bpy),Cl,-2H20, [Ru(bpy),(py).]
Cl,, and [Ru(bpy)s(py).][0,0"-dibenzoyl-i-tartrate]-12H,0O were
prepared and characterized according to the literature.*»*
Microwave-assisted synthesis was performed using an Anton
Paar Monowave 300 microwave reactor. ESI-MS spectra were
obtained in methanol on an Agilent 1100 ESI-MS system operated
at room temperature. Cellular localization and immunofluores-
cence experiments were performed with an LSM800 (Germany).

2.2 Synthesis of (2'-trifluoromethylphenyl) imidazo [4,5-f]
[1,10]phenanthroline. (o-tFMPIP)

0-tFMPIP was synthesized according to the literature proce-
dures*® with some modification. A mixture of 1,10-
phenanthroline-5,6-dione (315.06 mg, 1.50 mmol), 2'-tri-
fluoromethylphenylaldehyde (339.81 mg, 2.25 mmol), ammo-
nium acetate (4 g, 51.9 mmol), and glacial acetic acid (20 mL)
was heated at 100 °C for 20 min under microwave radiation. pH
value was adjusted to 7.0 at room temperature. The solution was
filtered and dried in vacuum to obtain a yellow precipitate,
which was collected and washed with water and small amounts
of ethanol. The crude product dissolved in ethanol was purified
by filtration on a silica gel column (60-100 mesh). ESI-MS (in

LRO42 23] seeds
C Double tape with '2°I absorbed to surface
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Scheme 1 (A) Chemical structure of the target ruthenium(i) poly-
pyridyl complex of LR0O42. (B) Application diagram of the model of the
125| seed brachytherapy source. (C) Schematic diagram of the exper-
imental setup for the measurement of radial dose function for 2°|
seeds. The 2°| seeds were arranged regularly on the top of the 96 well
plate.
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DMSO, m/z): 365.7 (M + H'T", calc. 365.1). "H NMR (in DMSO-
de, 6/ppm): 9.03 (2H, d); 8.88 (2H, d); 7.99 (2H, d); 7.87 (4H, m).

2.3 Synthesis of A-[Ru(bpy),(o-tFMPIP)] (Cl0O,),. (LR042)

A-[Ru(bpy),(o-tFMPIP)]  (ClO,), (LR042) was synthesized
following the literature procedure with some modifications.” A
mixture of  [Ru(bpy).(py).][0,0'-dibenzoyl--tartrate]- 12H,0
(520 mg, 0.4 mmol), o-tFMPIP (188.4 mg, 0.6 mmol), and ethylene
glycol (54 mL) was irradiated with microwaves for 25 min at
130 °C. The cooled reaction mixture was diluted with water. The
sodium perchlorate added to the filtered liquor produced an
orange suspended solid. The dark-red solid was collected,
washed with water and small amounts of ethanol, dried under
vacuum, and purified using column chromatography on
alumina. The solvent was removed under reduced pressure, and
red microcrystals were obtained.>® ESI-MS (in CH;CN, m/z): 389.3
(IM-2ClO, J*, calc. 389.1). "H NMR (in DMSO-ds, 6/ppm): 9.01
(d,J = 8.2 Hz, 2H), 8.87 (dd, J = 22.5, 8.2 Hz, 4H), 8.23 (td, ] = 8.1,
1.4 Hz, 2H), 8.12 (td, J = 8.1, 1.4 Hz, 2H), 8.10-8.04 (m, 4H), 7.94
(dt,] = 8.2, 6.0 Hz, 4H), 7.87 (dd, J = 10.8, 5.6 Hz, 4H), 7.67-7.64
(m, 4H), 7.63-7.57 (m, 4H), 7.38-7.34 (m, 4H). "*C NMR (151
MHz, DMSO) 6 155.14 (s), 154.89 (s), 149.93 (s), 149.76 (s), 148.20
(), 143.45 (s), 136.23 (s), 136.09 (s), 131.03 (s), 130.80 (s), 128.69
(s), 126.24 (s), 126.13 (s), 124.77 (s), 122.76 (s).

2.4 Synthesis of A-[Ru(bpy),(o-tFMPIP)] (Cl0,), (DR042)

A-[Ru(bpy),(0o-tFMPIP)] (ClO,), (DR042) was synthesized by
above method, but [Ru(bpy),(py).][0,0’-dibenzoyl-i-tartrate]-
12H,0 (520 mg, 0.4 mmol) was replaced by [Ru(bpy).(py).][0,0’-
dibenzoyl-p-tartrate]-12H,O (520 mg, 0.4 mmol). ESI-MS (in
CH;CN, m/z): 876.6 ((M-ClO, "], calc. 877.1), 776.9 ((M-2ClO, -
H'T', cale. 777.1), 388.5 ([M-2ClO, ] **, calc. 389.1). '"H NMR
(500 MHz, DMSO) 6 9.01 (d, J = 8.2 Hz, 1H), 8.88 (dd, J = 18.7,
8.2 Hz, 2H), 8.23 (td, ] = 8.0, 1.4 Hz, 1H), 8.13 (td, ] = 8.0, 1.4 Hz,
1H), 8.10-8.05 (m, 2H), 7.97-7.91 (m, 2H), 7.88 (dd, J = 10.7,
6.6 Hz, 2H), 7.66 (d, J = 5.1 Hz, 1H), 7.63-7.58 (m, 1H), 7.36
(ddd, J = 7.2, 5.8, 1.1 Hz, 1H). >*C NMR (151 MHz, DMSO)
6 155.16 (s), 154.91 (s), 149.99 (s), 149.73 (s), 148.10 (s), 143.58
(s), 136.36 (s), 136.10 (s), 131.06 (s), 130.87 (s), 128.63 (s), 126.25
(s), 126.16 (s), 124.91 (s), 122.88 (s).

2.5 Cell culture

The cell lines used in this study, including the human hepato-
cellular liver carcinoma (HepG2) cell line, human colon cancer
(SW480) cell line, and human lung adenocarcinoma (A549) cell
line, were purchased from the American Type Culture Collection
(ATCC, Manassas, VA). All cell lines were maintained in a Roswell
Park Memorial Institute medium: Dulbecco's modified Eagle
medium supplemented with bovine serum albumin (BSA; 10%),
penicillin (100 units per mL), and streptomycin (50 units per mL)
at 37 °C in a CO, incubator (95% relative humidity and 5% CO,).

2.6 MTT assay

Cell viability was determined by measuring the ability of cells to
transform MTT to a purple formazan dye.?® Cells were seeded in
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96-well tissue culture plates for 24 h. The antiproliferative
effects of ruthenium(u) complex and I'** were assessed using
MTT assay. The cells were incubated with different concentra-
tions of ruthenium(u) complex (0-20 uM) with and without the
treatment of I'*® seed radiation. The '*°I seeds were arranged
regularly on the top of the 96 well plate, which keep a certain
distance (0.9 cm) between two seeds. Then, the 96 well plate
containing cancer cells covered on the '*’I seeds, which cancer
cells were radiated in a distance about 1 mm (the thickness of
96 well plate) with I seeds, and every well was located in the
center of four seeds, which keep the well with same radiation
energy. Thereafter, the cells were cultured for 72 h. At the end of
incubation, 20 pL per well of MTT solution (5 mg mL ™" in
phosphate-buffered saline (PBS)) was added and incubated for
5 h.”” The medium was aspirated and replaced with 150 pL per
well of DMSO to dissolve the formazan salt formed. The color
intensity was measured at 570 nm using a microplate spectro-
photometer (Versa Max). The cell viability of the treatment
groups was expressed as the percentage of the control.

2.7 Cellular localization

HepG2 cells in a complete growth medium at 5 x 10" cells
per mL were incubated with LR042 (5 uM) for 24 h at 37 °C unless
otherwise stated. Cells were washed three times with PBS, fixed,
permeabilized simultaneously by using 4% p-formaldehyde, and
stained with DAPI (0.5 pg mL ") for 15 min. The cell morphology
was observed using a confocal laser microscope.

2.8 Flow cytometric analysis

The cell cycle distribution and the apoptosis rate were analyzed
using flow cytometry as previously described.”® After incubating
with different concentrations of LR042 (0, 5, and 10 uM), LR042
(0, 5, and 10 pM), and "I for 72 h, the cells were trypsinized,
washed with PBS, and fixed with 70% ethanol overnight at 4 °C.
The fixed cells were washed with PBS and stained with propidium
iodide (PI) for 15 min in the dark. Then, the cell cycle arrest was
analyzed using an Epics XL-MCL flow cytometer (Beckman
Coulter, Miami, FL, USA). The treated and untreated cells were
trypsinized, washed with PBS, and costained with Annexin V and
PI for 10 min, respectively. The apoptosis of cells was analyzed
using an Epics XL-MCL flow cytometer (Beckman Coulter).

2.9 Western blot analysis

The effects of HepG2 treated with LR042 and/or radiation on the
expression levels of proteins associated with different signaling
pathways were examined using Western blot analysis.”* The
total cellular proteins were extracted by incubating the cells in
a lysis buffer obtained from Cell Signaling Technology. Protein
concentrations were determined using BCA assay. P53, Bax and
Bcl-2 caspase-3 and AKT were purchased from Abcam, Cell
Signaling Technology, and Proteintech. SDS-PAGE was per-
formed in 10% tricine gels, and equal amounts of protein were
loaded per lane. The procedure was conducted as described
previously. After electrophoresis, the separated proteins were
transferred to nitrocellulose membranes and blocked with 5%
nonfat milk in TBST buffer for 1 h. Thereafter, the membranes
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were incubated with primary antibodies at 1 : 1000 dilutions in
5% nonfat milk overnight at 4 °C, and then secondary anti-
bodies were conjugated with horseradish peroxidase at 1 : 2000
dilution for 1 h at room temperature.

2.10 Immunofluorescence

HepG2 cells in complete growth medium at 5 x 10* cells per mL
were incubated with LR042 (5 uM) for 24 h, unless otherwise
stated. The cells were washed once in PBS, fixed, permeabilized
simultaneously using 4% paraformaldehyde with 1% Triton X-
100 in PBS, quenched with 0.1 M glycine in PBS, and blocked
overnight at 4 °C with 3% (w/v) BSA. The fixed cells were stained
with primary antibodies as indicated.** Cell morphology was
observed using a laser confocal microscope.

3. Results and discussion

3.1 Distribution model of the 1251 seed brachytherapy
source

Either intracavitary or implantation brachytherapy needs an
accurate localization of the position of radiation source to
calculate the dose distribution. The dosimetric properties of
brachytherapy sources can be obtained by calculating the dosi-
metric parameters. The optimization of dose distribution is
important in brachytherapy. As shown in Scheme 1B, the '*°I
seeds were arranged uniformly on the 96-well plate. Four
seeds were positioned in one well with a fixed distance (0.9 cm)
from one another. According to the literature, the radiation dose
of every well on the 96-well plate was calculated for 0.57 cm. The
radiation energy of every '*°I seed was 0.992 4 0.025 cGyh™* U™..
After treatment with %I seed for 72 h, the accumulated radiation
dose of the tumor cells reach 285.7 + 7.2 cGy U™ '3

125
I

3.2 Radiotherapy sensitization of LR042 to enhance **’I-

seed-induced growth inhibition

The antiproliferative activities of LR042 and DR042 were
screened using MTT assay against human hepatocellular liver
carcinoma HepGz2 cells, human colon cancer SW480 cells, and
human lung adenocarcinoma A549 cells. The inhibitory activi-
ties (ICso) of the complex against different tumor cells are listed
in Table 1. It is found that laevo-isomer LR042 displayed great
growth inhibition against HepG2 cells (IC5, = 9.63 uM) and

Table1 Inhibitory effect (ICsq, M) of LRO42 and *2° on human cancer
cells after 72 h of treatment

IC50 (1M)
Comp. HepG2 SW480 A549  HaCaT
LR042 9.63+1.49 1.13+0.32 >20 9.65 + 0.21
LR042 with **°I 1.81+0.50 0.79 £0.90 >20 10.61 +
0.38
Radiosensitivity 5.32 1.43 — 0.91
index?

¢ Radiosensitivity index = ICs, (LR042)/ICs, (LR042 with '*I) for
different cells.

n

This journal is © The Royal Society of Chemistry 2018
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SW480 cells (ICso = 1.31 uM) after 72 h of treatment. However,
dextro-isomer DR042 exhibited little suppression on different
tumor cells. These data suggested that LR042 displayed much
more promising inhibitory effect against a variety of tumors
cells than DRO042 (Table S1 in ESIf). However, dextro-isomer
DRO042 exhibited little suppression on different tumor cells.
These data suggested that LR042 displayed much more prom-
ising inhibitory effect against a variety of tumor cells than
DRO042.

However, with continuous and low-dose radiation with '*°1
seeds for 72 h, the inhibitory activities of LR042 against HepG2
and SW480 cells decreased markedly to 1.81 and 0.79 uM,
respectively. As shown in Fig. 1, for HepG2 cells, LR042
inhibited the growth of HepG2 cells with increasing concen-
tration. Then, the inhibitory effect of "*°I radiation effectively
increased. However, for the SW480 and A549 cells, little
improvement by "*°I radiation was observed. Synthetic LR042
enhanced the radiosensitivity of HepG2 cells to '*°I seeds. The
ICs, values of the combined treatment against HepG2 cells
dramatically decreased from 9.63 uM (**°I seed radiation alone)
to 1.81 uM. Whereas for DR042, no obvious enhanced radio-
sensitivity was observed against various tumor cells (Table S1 in
ESIt). The radiosensitivity index was 5.32, which suggested
LR042 can induce tumor cell death at a low concentration under
1251 radiation (Table 1). On the basis of its promising in vitro
activity, LR042 was selected as an early lead for a preliminary
evaluation in further study.

Furthermore, under the phase-contrast observation of the
HepG2 cells, **°I seed radiation alone exerted little influence on
the cell viability and morphology. Nevertheless, with the treat-
ment of LR042 at the concentration of 5 and 10 uM for 72 h, the
HepG2 cells displayed loss of cell-to-cell contact, dose-
dependent cell shrinkage, and reduction in cell number.
Then, when LR042 was combined with *°I seed radiation, the
cell morphology profoundly shrank to a round shape, which

A549 i

o
SW4g0 =2

B

Cell survival rate/% P>
o

Cell survival rate/% 0
Cell survival rater% €3

s

0 03] 063 125 2.5 20 0 031063125 25 5 _10 20
Loncenitration/um '

LRO42/uM

Concentration/uM

125 25 s 0 20
Concentration/uM

Control

Fig.1 LRO42 enhanced '?°| radiation-induced HepG2 cell (A), SW480
cell (B), and A549 cell (C) growth inhibition. These tumor cells were
pretreated with various concentrations of LR042 (0-20 uM) for 72 h
and treated with and without *2°|. (D) Changes in the morphology of
cells exposed to LR042 with and without 12°| radiation were captured
using fluorescence microscopy (x40 magnification).

Without 1251

With 125
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indicated HepG2 cell death, in a special incubation of LR042 (10
uM) and **’I (Fig. 1D). The evident reduction of cell viability and
marked cell morphology change indicated that LR042 can
effectively enhance the inhibitory activity of **°I seeds against
the growth of tumors cells.

3.3 Drug distribution and localization

Moreover, the cellular localization of LR042 in HepG2 cells
without and with the radiation of '*°I were further investigated,
as shown in Fig. 2. Accordingly, the ability of LR042 to
membrane-permeabilized cells was characterized by employing
confocal laser scanning microscopy (CLSM). As shown in Fig. 2,
the nucleus of HepG2 cells was highlighted to blue by the DNA
dye DAPI (4/,6-diamidino-2-phenylindole). Without the drug,
the nucleus was round and plump. After treatment, LR042
emitted red fluorescence that distributed in the whole cell,
mainly enriched in nucleus and a little distributed in the cyto-
plasm. Moreover, combined with '*°I radiation, LR042 mainly
distributed in the whole cell with strong red fluorescence, and
the cell nucleus notably shrank and condensed into smaller
balls. These results suggested that LR042 may cause cell death
by inducing DNA damage.*

3.4 Biochemical mechanism studies

3.4.1 LR042 enhanced apoptosis induced by **’I radiation.

Furthermore, flow cytometry was performed to examine the
inhibitory activity of LR042 and the combined treatment of
LR042-">°I against the growth of HepG2 cells. Specifically, the
suppression of cancer cell proliferation resulted from
apoptosis, cell cycle arrest, or the joint action of both modes
(Fig. 3).>* As shown in Fig. 3, the exposure of HepG2 cells to 0, 5,
and 10 uM LR042 for 24 h exerted no evident influence to the
cell cycle. Under **°I seed radiation, the number of cells under
S-phase arrest significantly increased. However, the combined
LR042-">°1 treatment, did not exert evident changes to the cell

Overlay
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Fig. 2 Cellular localization and distribution of LR042 in the HepG2
cells. The cells were treated with LRO42 and LR042-'2°| for 24 h at
37 °C: blue, DAPI; red, ruthenium(i) complexes, [LR0O42] = 5 uM.
Fluorescent images were viewed using a confocal laser scanning
microscope.
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Fig. 3 Cell cycle distribution of HepG2 cells incubated with LR042
with and without 23| radiation by using flow cytometric analysis. The
cells were treated with LR042 (0, 5, 10 and 20 uM) and cotreated with
and without *2°| radiation for 72 h.

cycle. These results indicated that LR042 and the combination
of LR042-">°1 did not cause tumor cells death by interfering the
cell cycle.’*%*

To further confirm the potential mechanism of the combi-
nation of LR042-">°1 seeds, flow cytometry was also performed
to analyze cell apoptosis by staining the cells with Annexin V
and PI. As indicated in Fig. 4, increasing concentrations of free
LR042 slightly increased both the early (Q4 region) and late (Q2
region) stages of apoptosis. At 10 uM concentration of LR042,
1.1% of the cells were in the early apoptotic stages and 4.4% in
the late stages. However, with the addition of **°I seed radiation
at a concentration of 10 uM LR042, 28.18% of the cells were in
early apoptosis and 17.15% in late apoptosis. LR042 may
effectively enhance "*’I-induced inhibitory activity against the
growth of HepGz2 cells via apoptosis.

To investigate the wunderlying mechanisms for the
cotreatment-induced apoptosis, the activation of Bcl-2 and Bax
were confirmed using Western blot analysis. As shown in
Fig. 4B, some certain up-regulate of Bax and down-regulate of
Bcl-2 with the radiation of *2°I were observed. Moreover, with
the addition of LR042 combined with '*°I, the up-regulate of
Bax and down-regulate of Bcl-2 were enhanced notably. It is well
known that Bax is a key pro-apoptotic protein which the
increasing expression followed with apoptosis, and Bcl-2 is an
important inhibitory apoptosis protein which the decreasing
expression followed with apoptosis. As a marker of apoptosis,
caspase-3 can be cleaved and activated during apoptosis.*® As
shown in Fig. 4B, cotreatment with LR042 induced the activa-
tion of caspase-3 in HepG2 cells after 72 h of treatment as evi-
denced by the appearance of cleaved and increased levels of
caspase-3 (17 kDa) in comparison with the single treatment of
1251 radiation. No changes were detected in the expression of
total caspase-3. These results indicated that the enhancement
of the HepG2 cell apoptosis contributed to the synergistic
effects of LR042 and '*’I radiation.

3.42 LR042 enhanced "°liinduced DNA damage and
related signaling pathways. DNA is the most important and
sensitive target molecule for radiation biological effects. DNA
damage as the main mechanism for the combined treatments
of radiotherapy and chemotherapy is reported.’” In this study,
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Fig. 4 (A) LRO42 enhanced %°I-induced HepG2 cell apoptosis. The
cells were incubated with LR042 (0, 5, and 10 uM) and cotreated with
and without *#| radiation for 72 h. (B) LR042 enhanced the %%
induced apoptosis of HepG2 cells and the related signaling pathways,
which were examined using Western blot analysis. The cells were
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125 radiation for 72 h.

.10 1.09
102 0.87

1.46
0.90

B-actin

the induction of DNA double-strand breaks (DSBs) in HepG2
cells were investigated using confocal immunofluorescence
assays (IFs) and staining with yH2AX (an early marker of DNA
damage response).”® HepG2 cells showed little activation of
YH2AX in response to LR042 treatment. However, the combi-
nation of LR042-'*’I seeds (Fig. 5A) induced an increasing
number of yH2AX-positive cells. The enhancement of DNA
damage contributed to the synergistic effects of LR042 and *°I
radiation in HepG2 cells.

Moreover, P53, a classic DNA damage response marker, is
activated by AKT phosphorylation.*® AKT, also called protein
kinase B, is described as the critical upstream mediator of wild-
type p53 and is known to suppress DNA replication. The pro-
apoptotic ability of p53 is activated through the expression of
AKT. Given the role of the AKT-p53 axis in triggering DNA-
damage-induced apoptosis, this study examined the protein
levels of AKT and p53 in response to treatment with free LR042
and the combination of LR042-">°I seeds. Cellular extracts from
the HepG2 cells revealed an increase in AKT-p53 protein.*

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra03383h

Open Access Article. Published on 06 June 2018. Downloaded on 7/12/2025 7:09:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

LR042 Control

LR042+125]

Concentration/uM

LR042 - - 10 20 10 20

B-actin

Fig. 5 (A) LR042 enhanced the *?°-induced DNA damage of the
HepG2 cells. The cells were treated with LRO42 and LR042-'2°| for
24 h at 37 °C. The confocal immunofluorescence assays (IF) of HepG2
cells were dealed with antibodies specific to DSBs biomarker yH2AX,
[LRO42] = 5 puM. (B) LRO42 enhanced the 2°|-induced apoptosis of
HepG2 cells and related signaling pathway. The DNA damage and
related signaling pathways were examined using Western blot analysis.
The cells were treated with LR042 (0, 10, and 20 uM) and cotreated
with and without *2°| radiation for 72 h.

As shown in Fig. 5B, after treatment with free LR042, the
expression level of p53 increased evidently, whereas little
significant change was observed with free '*’I radiation.
Furthermore, the up-regulation of p53 was notably observed
after the combined treatments (LR042-'>°T radiation). LR042
can enhance the I'*>-induced DNA damage, up-regulate the
expression of p53, and further induce the apoptosis of HepG2
cells. The protein serine/threonine kinase AKT plays essential
roles on the regulation of cell proliferation and survival.**
Activated p53 up-regulation of AKT may lead to an irreversible
commitment to apoptotic cell death.*” As shown in Fig. 5B,
alone LR042 can decrease the expression level of AKT, but the
combination of LR042 with '*°I seed radiation can markedly
increase the expression of AKT. LR042 can serve as a potential
radiosensitizer to induce apoptosis of HepG2 cells through the
DNA-damage-activated AKT-p53 pathway (Fig. 6).

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Proposed signaling pathways of apoptosis induced by
LR042-1%5| cotreatment. LRO42 enhanced the radiosensitivity of cells
to 2%l-induced DNA damage. The activation of the p53 pathway
further activated AKT and caspase-3 and resulted in the apoptosis of
HepG2 cells.

4. Conclusions

In this study, it is found that laevo-isomer of chiral ruth-
enium(u) polypyridyl complex (LR042) exhibited much more
better inhibition than dextro-isomer (DR042). Moreover, LR042
could enhance the I'**-induced suppression on HepG2 cells
through the induction of apoptosis by accelerating DNA
damage. Further study indicated the occurrence of DNA damage
and activated downstream signaling pathways, including up-
regulation of the p53 and AKT, thereby finally resulting in an
increase of radiation sensitivity and inhibition of tumor cells
proliferation. The synthetic LR042 can be further developed as
radiosensitizer of '*’I by inducing DNA-damage-mediated
apoptosis for cancer therapy.

Conflicts of interest

The authors declare no competing financial interests.

Acknowledgements

This work was supported by the authors acknowledge the
National Nature Science Foundation of China (81572926,
81703349); the Provincial Major Scientific Research Projects in
Universities of Guangdong Province (2014KZDXMO053); the
Science and Technology Project of Guangdong Province
(2014A020212312); the Innovation Projects in Universities of
Guangdong Province (2015¢cxqx151).

Notes and references

1 Q. Xie, G. Lan, Y. Zhou, J. Huang, Y. Liang, W. Zheng, X. Fu,
C. Fan and T. Chen, Cancer Lett., 2014, 354, 58-67.

RSC Adv., 2018, 8, 20612-20618 | 20617


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra03383h

Open Access Article. Published on 06 June 2018. Downloaded on 7/12/2025 7:09:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

2 W. Fan, B. Shen, W. Bu, F. Chen, K. Zhao, S. Zhang, L. Zhou,
W. Peng, Q. Xiao, H. Xing, J. Liu, D. Ni, Q. He and J. Shi, J. Am.
Chem. Soc., 2013, 135, 6494-6503.

3 Y.]. Hua, F. Han, L. X. Lu, H. Q. Mai, X. Guo, M. H. Hong,
T. X. Lu and C. Zhao, Eur. J. Cancer, 2012, 48, 3422-3428.

4 ]J.]J. Wang, H. S. Yuan, ]J. N. Li, Y. L. Jiang, S. Q. Tian and
R. ]. Yang, Med. Oncol., 2010, 27, 421-429.

5 A. F. Cardona, L. Reveiz, E. G. Ospina, V. Ospina and
A. Yepes, Cochrane Database System Rev., 2008, 113,
CD004284.

6 Y.Q.Du,Z.S. Liand Z. D. Jin, J. Interv. Gastroenterol., 2011, 1,
23-27.

7 Y. Tian, Q. Xie, Y. Tian, Y. Liu, Z. Huang, C. Fan, B. Hou,
D. Sun, K. Yao and T. Chen, PLoS One, 2013, 8, e74038.

8 N. Meng, Y. L. Jiang, J. J. Wang, W. Q. Ran, H. S. Yuan, A. Qu,
P. Jiang and R. J. Yang, Cancer Invest., 2012, 30, 236-242.

9 J. J. Wang, H. S. Yuan, J. N. Li, W. J. Jiang, Y. L. Jiang and
S. Q. Tian, Int. J. Colorectal Dis., 2009, 24, 391-399.

10 O. Coatmeur, G. Truc, I. Barillot, J. C. Horiot and
P. Maingon, Radiol. Oncol., 2004, 70, 177-182.

11 G. H. Nguyen, M. M. Murph and J. Y. Chang, Cancers, 2011,
3, 1232-1252.

12 N. Onoda, S. Kashiwagi, S. Noda, H. Kawajiri, T. Takashima,
T. Ishikawa and K. Hirakawa, Anticancer Res., 2013, 33, 3445-
3448.

13 N. Su, Y. Dang, G. Liang and G. Liu, Nanoscale Res. Lett.,
2015, 10, 160.

14 G. Sava, S. Zorzet, C. Turrin, F. Vita, M. Soranzo, G. Zabucchi,
M. Cocchietto, A. Bergamo, S. DiGiovine, G. Pezzoni,
L. Sartor and S. Garbisa, Clin. Cancer Res., 2003, 9, 1898-
1905.

15 A. Levina, J. B. Aitken, Y. Y. Gwee, Z. J. Lim, M. Liu,
A. M. Singharay, P. F. Wong and P. A. Lay, Chem.-Eur. J.,
2013, 19, 3609-3619.

16 A. Frei, R. Rubbiani, S. Tubafard, O. Blacque, P. Anstaett,
A. Felgentrager, T. Maisch, L. Spiccia and G. Gasser, J.
Med. Chem., 2014, 57, 7280-7292.

17 C. S. Allardyce and P. J. Dyson, Platinum Met. Rev., 2001, 45,
62-69.

18 E. Alessio, G. Mestroni, A. Bergamo and G. Sava, Curr. Top.
Med. Chem., 2004, 4, 1525-1535.

19 P. Nowak-Sliwinska, J. R. van Beijnum, A. Casini,
A. A. Nazarov, G. Wagnieres, H. van den Bergh, P. J. Dyson
and A. W. Griffioen, J. Med. Chem., 2011, 54, 3895-3902.

20 Z.Zhang, Q. Wu, X. H. Wu, F. Y. Sun, L. M. Chen, ]. C. Chen,
S. L. Yang and W. ]J. Mei, Eur. J. Med. Chem., 2014, 80, 316-
324.

21 W. J. Mei, X. Y. Weli, J. Liu and W. G. Lu, Transition Met.
Chem., 2007, 32, 685-688.

22 T. F. Chen, W. J. Mei, Y. S. Wong, J. Liu, Y. N. Liu, H. S. Xie
and W. J. Zheng, Med. Chem. Commun., 2010, 1, 73-75.

20618 | RSC Adv., 2018, 8, 20612-20618

View Article Online

Paper

23 Z. M. Wang, Y. Feng, H. Li, X. H. Song and P. Lu, Chem. Res.
Chin. Univ., 2014, 35, 1691-1696.

24 V. Pierroz, T. Joshi, A. Leonidova, C. Mari, J. Schur, I. Ott,
L. Spiccia, S. Ferrari and G. Gasser, J. Am. Chem. Soc., 2012,
134, 20376-20387.

25 M. R. Gill, D. Cecchin, M. G. Walker, R. S. Mulla, G. Battaglia,
C. Smythe and J. A. Thomas, Chem. Sci., 2013, 4, 4512-4519.

26 T. Chen and Y. S. Wong, Biomed. Pharmacother., 2009, 63,
105-113.

27 Q.Wu, K. D. Zheng, S. Y. Liao, Y. Ding, Y. Q. Li and W. J. Mei,
Organometallics, 2016, 35, 317-326.

28 T. Chen and Y. S. Wong, J. Agric. Food Chem., 2008, 56,
10574-10581.

29 T. Chen and Y. S. Wong, Cell. Mol. Life Sci., 2008, 65, 2763—
2775.

30 Y. Zhu, N. Ma, H. X. Li, L. Tian, Y. F. Ba and B. Hao, Mol. Med.
Rep., 2014, 10, 1734-1738.

31 S. Sheikholeslami, H. A. Nedaie, M. Sadeghi, H. Pourbeigy,
S. Shahzadi, M. Zehtabian, M. Hasani and A. S. Meigooni,
J. Appl. Clin. Med. Phys., 2016, 17, 430-441.

32 V. Pierroz, T. Joshi, A. Leonidova, C. Mari, J. Schur, 1. Ott,
L. Spiccia, S. Ferrari and G. Gasser, J. Am. Chem. Soc., 2012,
134, 20376-20387.

33 J. W. Zimmerman, M. ]. Pennison, I. Brezovich, N. Yi,
C. T. Yang, R. Ramaker, D. Absher, R. M. Myers, N. Kuster,
F. P. Costa, A. Barbault and B. Pasche, Br. J. Cancer, 2012,
106, 307-313.

34 T. Wang, X. Gong, R. Jiang, H. Z. Li, W. M. Du and G. Kuang,
Am. J. Transl. Res., 2016, 8, 968-980.

35 Q. Li, K. Kawamura, G. Ma, F. Iwata, M. Numasaki,
N. Suzuki, H. Shimada and M. Tagawa, Eur. J. Cancer,
2010, 46, 180-190.

36 S. Gao, T. Chen, M. Y. Choi, Y. Liang, J. Xue and Y. S. Wong,
Cancer Lett., 2013, 333, 36-46.

37 G. Zhu, P. Chang and S. J. Lippard, Biochemistry, 2010, 49,
6177-6183.

38 L. J. Kuo and L. X. Yang, In Vivo, 2008, 22, 305-309.

39 S. Schwitalla, P. K. Ziegler, D. Horst, V. Becker, I. Kerle,
Y. Begus-Nahrmann, A. Lechel, K. L. Rudolph, R. Langer,
J. Slotta-Huspenina, F. G. Bader, O. Prazeres da Costa,
M. F. Neurath, A. Meining, T. Kirchner and F. R. Greten,
Cancer Cell, 2013, 23, 93-106.

40 M. J. Halaby, A. Hakem, L. Li, S. El Ghamrasni,
S. Venkatesan, P. M. Hande, O. Sanchez and R. Hakem,
PLoS Genet., 2013, 9, €1003259.

41 S. R. Datta, A. Brunet and M. E. Greenberg, Genes Dev., 1999,
13, 2905-2927.

42 T. M. Gottlieb, J. F. Leal, R. Seger, Y. Taya and M. Oren,
Oncogene, 2002, 21, 1299-1303.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra03383h

	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h

	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h

	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h
	Chiral ruthenium(ii) complex as potent radiosensitizer of 125I through DNA-damage-mediated apoptosisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03383h


