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Abstract

this area.

Background: The new ruthenium(ll)-arene complex, which bearing a carborane unit, ruthenium and ferrocenyl
functional groups, has a novel versatile synthetic chemistry and unique properties of the respective material at the
nanoscale level. The ruthenium(ll)-arene complex shows significant cytotoxicity to cancer cells and tumor-inhibiting
properties. However, ruthenium(ll)-arene complex of mechanism of anticancer activity are scarcely explored.
Therefore, it is necessary to explore ruthenium(ll)-arene complex mechanism of anticancer activity for application in

Results: In this study, the ruthenium(ll)-arene complex could significantly induce apoptosis in human lung cancer
HCC827 cell line. At the concentration range of 5 uM-100 uM, ruthenium(ll)-arene complex had obvious cell
cytotoxicity effect on HCC827 cells with ICsq values ranging 19.6 + 5.3 uM. Additionally, our observations
demonstrate that the ruthenium(ll)-arene complex can readily induce apoptosis in HCC827 cells, as evidenced by
Annexin-V-FITC, nuclear fragmentation as well as DNA fragmentation. Treatment of HCC827 cells with the
ruthenium(ll)-arene complex resulted in dose-dependent cell apoptosis as indicated by high cleaved Caspase-8,9
ratio. Besides ruthenium(ll)-arene complex caused a rapid induction of cleaved Caspase-3 activity and stimulated
proteolytic cleavage of poly-(ADP-ribose) polymerase (PARP) in vitro and in vivo.

Conclusion: In this study, the ruthenium(ll)-arene complex could significantly induce apoptosis in human lung
cancer HCC827 cell line. Treatment of HCC827 cells with the ruthenium(ll)-arene complex resulted in dose-
dependent cell apoptosis as indicated by high cleaved Caspase-8,9 ratio. Besides ruthenium(ll)-arene complex
caused a rapid induction of cleaved Caspase-3 activity and stimulated proteolytic cleavage of poly-(ADP-ribose)
polymerase (PARP) in vitro and in vivo. Our results suggest that ruthenium(ll)-arene complex could be a candidate
for further evaluation as a chemotherapeutic agent for human cancers, especially lung cancer.

Background

Enormous interest has been focused on the research of
metallopharmaceuticals in order to find good alterna-
tives to platinum drugs because of their significant clini-
cal side effects and resistance that cause relapse of
cisplatin [1]. In recent years, ruthenium complexes have
attracted much interest because they exert their tumor-
inhibiting effects by a mode of action different from that
of Pt compounds [2]. Furthermore, they show a favor-
able toxicity profile in clinical trials: in the case of
the ruthenium-indazole complex KP1019 only very
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moderate toxicities were observed in a dose range in
which proteins were on average loaded with one ruthe-
nium species, which should be sufficient for therapeutic
activity [3].

Recently, potential bio-active moieties, such as carbor-
ane and ferrocene (Fc), have been extensively involved
in new-type drug design because of their unique proper-
ties. Carboranes are carbon-containing polyhedral
boron-cluster compounds with globular geometry. Novel
carborane derivatives were synthesized to clarify its anti-
cancer activity [4]. A myriad of compounds containing
single- or multiple-carborane clusters were synthesized
and evaluated in both cellular and animal studies [5].
Carboranes are a class of carbon-containing polyhedral
boron-cluster compounds with remarkable thermal sta-
bility and exceptional hydrophobicity [6]. Carboranes
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have been tried to apply to the field of boron neutron
capture therapy to incorporate large numbers of boron
atoms into tumor cells [7]. Meanwhile, Fc has been
incorporated in penicillin, chloroquine, tamoxifen, and
diphenols thus modifying relative activities due to its
small size, relative lipophilicity, ease of chemical modifi-
cation, and accessible one-electron-oxidation potential
[8,9]. Some unconjugated ferrocenyl derivatives and Fc-
containing bioconjugates, have shown promising bioac-
tivities like antineoplastic, antimalarial, or antibacterial
activities.

Recent studies illustrate that a structural change from
a Fc unit to a carboxyl group could lead to high selectiv-
ity toward cancer cells and facilitate the efficient inhibi-
tion of the proliferation of target cells, indicating that
the tuning of the overall properties of the ruthenium
(II)-arene complex by appropriate ligand tagging is criti-
cal to creating a selective anticancer agent [6]. In order
to improve the activity of ruthenium (II)-arene com-
plexes, which are of current interest as anticancer
agents, the ruthenium (II)-arene complexes were synthe-
sized by the reaction of ferrocenylacetylene in our work
(Figure 1A). The ruthenium(II) arene fragment coordi-
nation with a multidrug resistance (MDR) modulator
modified ligand (like anthracene) shows significant
improvement of the cytotoxicity and P-glycoprotein
inhibition behavior, demonstrating the promise of the
ruthenium arene fragment in biomedical realm [10].
Research in progress is concerned with the development
of advanced boron agents and neutron sources, other
than nuclear reactors, for the treatment of a variety of
cancer types using novel delivery methods [11].

Figure 1 Characterization of ruthenium (ll)-arene complex. (A)
The transmission electron microscopy images of ruthenium (Il)-
arene complex. (B) The image structural of ruthenium (l)-arene
complex.
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However, ruthenium(II)-arene complex of mechan-
ism of anticancer activity are scarcely explored and
only a few dinuclear Ru complexes with tumor-inhibit-
ing properties are known [12]. In this study, the new
ruthenium(Il)-arene complexes were observed to exhi-
bit relatively high in vitro and in vivo sensitivity to
HCCB827 cells, resulting in dose-dependent cell apopto-
sis with a rapid induction of cleaved Caspase-3 activity
and stimulated proteolytic cleavage of poly-(ADP-
ribose) polymerase.

Methods

Cells, animals and chemicals

HCC827 (human lung cancer) cells purchased from the
Institute of Hematology of Tianjin, Chinese Academy of
Medical Sciences. The ruthenium (II)-arene complex
(Figure 1B) was synthesized as our previous report [6].
Fetal calf serum was from Hyclone, RPMI 1640 cell cul-
ture medium Penicillin, streptomycin, 3-(4,5-Dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) (Gibco BRL, Grand Island, NY). Nude mice were
provided by the Animal Feeding Farm of National Insti-
tute for the Control of Pharmaceutical and Biological
Products (P.R. China). Annexin-V-FITC Apoptosis
Detection Kit (Calbiochem, USA), Apoptotic DNA lad-
der Isolation Kit (BioVision, USA), antibody (Cell Sig-
nalling Technologies, USA) was purchased from Jinsite
Biology Reagent Co.Ltd (Nanjing, China).

Transmission Electron Microscopy

The ruthenium (II)-arene complex was observed under
the transmission electron microscopy (Hitachi H-600-II)
with an acceleration voltage of 200 kV.

Cell growth inhibition study by MTT assay

Cells (2x10%/well) were plated in 100 pL medium/well
in 96-well plates. After overnight incubation, MTT
assays on HCC827 cells were treated with various con-
centrations of ruthenium (II)-arene complex. After treat-
ment for 48 hour, 20 uL. MTT solution (5 mg/ml) was
added to each well. Four hours later, the supernatant
was removed and 100 uL. DMSO was added per well.
Samples were then shaken for 15 min. Then the optical
density (OD) was read at a wavelength of 540 nm. All
experiments were performed in triplicate. Relative inhi-
bition of cell growth was expressed as follows: % = (1-
[OD]test/[OD]control)x100%.

Flow cytometry analysis

Cells were seeded in 12 well plates at 1x10° cells per
mL, 1 ml/well. After incubated for 72 h at 37°C, 5%
CO,, HCC827 cells treated with relative ruthenium (II)-
arene complex for 48 h.’Annexin-V-FITC Apoptosis
Detection Kit’ was used to determine apoptosis. Flow
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cytometric analysis was conducted using a FACSCalibur
flow cytometer (BD Biosciences, USA).

AO staining for apoptotic cells

Cancer cells were seeded in 6-well plates (5x10°/well)
and incubated on relevant ruthenium (II)-arene complex
for 72 h. To stain apoptotic cells, the cells were trypsi-
nized and centrifuged for 6 min before 50 uL of AO dye
mix (100 pg/mL acridine orange) was added to each well,
and cells were viewed under fluorescence microscope.

Intracellular ruthenium(ll)-arene complex measurement
To measure intracellular ruthenium(II)-arene complex
accumulation, HCC827 cells in 60-mm plates were incu-
bated overnight in culture medium and then treated
with ruthenium(II)-arene complex for 2 hours. Cells
were harvested with a rubber scraper and centrifuged at
2,000 g for 10 min. The harvested cells were washed
three times in cold PBS. The cells were digested to mea-
sure iron levels. Cells were dried at 105°C and ground in
an agate mortar, and then digested in nitric acid. After
appropriate dilution with doubly distilled H,O (ddH,0),
the iron metal concentrations of the samples were deter-
mined by atomic absorption spectrophotometry using a
TAS-986 spectrophotometer with respect to appropriate
standard solutions in acidified ddH,O.

Apoptotic DNA fragmentation analysis

The HCC827 cells were treated with various concentra-
tions of the ruthenium (II)-arene complex for 72 h respec-
tively. The cells without treated were considered as
controls. Apoptotic DNA ladder of HCC827 cell was
extracted using Apoptotic DNA ladder Isolation Kit, and
then loaded onto 1% agarose gel. The DNA ladders stained
with ethidium bromide were visualized under UV light.

Apoptosis Western blotting analysis in vitro

HCC827 cells (1x10°/well) were plated in 2 mL medium/
well in 6-well plates. After 72 hours treatment of relevant
ruthenium (II)-arene complex at the concentration (100
uM, 50 pM) treatment, HCC827 cells lysates were pre-
pared from treatment using modified RIPA lysis buffer.
The lysates subjected to SDS-PAGE/Western blot analysis.
The proteins were detected by enhanced chemilumines-
cence (ECL, GE Healthcare, NJ, USA). The following anti-
bodies were used: anti-Cleaved Caspase-3, anti- Cleaved
Caspase-9, anti- Cleaved Caspase-8, PARP, GAPDH levels
were measured to ensure equal loading of protein.

Experimental animals

HCC827 cells (4-5x10°) were suspended in 200 uL of
culture medium and subcutaneously inoculated into the
right flank of mice using a 1.0 mL syringe. Animals were
kept in the facility with free access to food and water.
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Intravenous injection of reagents and tumor growth
inhibition study

The nude mice inoculated with HCC827 cells were
divided into 3 groups with seven mice in each group: (1)
Control (n = 7); (2) 50 pmol/kg ruthenium (II)-arene
complex (n = 7); (3) 100 pmol/kg ruthenium (II)-arene
complex control (n = 7). When the tumor volume
became around 50 mm? after one week of inoculation,
treatment was injected for each group. Injection was
intravenously administered by tail vein at day 0, 2, 4, 6, 8,
10, 12, 14, 16 and 18. The tumor volume of nude mice
were measured and calculated at the 20th days after
treatment. The tumor volume calculation was performed
using the formula V = 1/6x[(a+b)/2]3, where a is the lar-
gest and b is the smallest diameter of the tumor.

Apoptosis Western blotting analysis in vivo

Briefly, the tumor tissues were removed from experi-
mental mice. The tumors photographed, and then used
for Western blot. The tumor lysis was subjected to Wes-
tern blot analysis. And the proteins were detected by
enhanced chemiluminescence (ECL, GE Healthcare, NJ,
USA). The following antibodies were used: anti-Cleaved
Caspase-3, anti- Cleaved Caspase-9, anti- Cleaved Cas-
pase-8, PARP, GAPDH levels were measured to ensure
equal loading of protein.

In situ apoptosis by TUNEL staining

Apoptotic cell death in deparaffinized tumor tissue sec-
tions was detected using terminal deoxynucleotidyl
transferase-mediated dUTP nick end-labeling (TUNEL)
with the Klenow DNA fragmentation detection kit
(Roche, USA). Briefly, sections were permeabilized with
20 pg/mL protease K, and endogenous peroxidase was
inactivated by 3% H,O, in methanol. Apoptosis was
detected by labeling the 3’-OH ends of the fragmented
DNA with biotin-dNTP using Klenow at 37°C for 1.5
hours. The tumor slides were then incubated with strep-
tavidin horseradish peroxidase conjugate, followed by
incubation with 3,3’-diaminobenzidine and H,O,. Apop-
totic cells were identified by the dark brown nuclei
observed under light microscope.

Statistical analysis

Results were presented as Mean + SD. A t-test was per-
formed in each group for each time point. A value of P
< 0.05 was considered statistically significant.

Results

Cytotoxicity of ruthenium(ll)-arene complex on HCC827
cells

Initially, the synthesized ruthenium (II)-arene complex
was characterized by transmission electron microscopy.
The average size of the ruthenium (II)-arene complex
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was about 1 nm (Figure 1A). The MTT assay was car-
ried out for the cells cytotoxicity study. The cells were
treated with different concentrations of ruthenium (II)-
arene complex (10 uM-100 uM) for 48 h. As shown in
Figure 2A, HCC827 cells viability was significantly
reduced after 48 h exposure to ruthenium (II)-arene
complex. Those cells growth inhibition were increased
in a dose-dependent manner. The IC 5, values of each
treatment were calculated, as shown in (Table 1).

Cell apoptosis rate induced by Ruthenium (Il) Arene
Complex

Figure 2B shows that relevant ruthenium (II)-arene
complex induced a much higher cell apoptosis rate than
untreated control using Annexin-V-FITC apoptosis
detection method. We found that the percentage of
apoptotic cells was 8.9%, 25.2%, 43.4%, 65.2% for the
treatment with 0 pM, 10 pM, 50 uM, 100 pM ruthe-
nium (II)-arene complex, respectively (Figure 2C).
Ruthenium (II)-arene complex demonstrated a sus-
tained, dose-dependent anti-proliferative activity in
HCC827 cells. Using acridine orange staining for apop-
totic cells, apoptotic nuclei were identified by their dis-
tinctively marginated and fragmented appearance under
fluorescence microscope. The apoptotic nuclei of
HCCB827 cells (Figure 3A, Apoptosis nuclei) at 72 hours
could be identified by their distinctively marginated and
fragmented appearance. For the control cells without
treatment, cells nuclei were normal as shown in (Figure
3A, control nuclei). In summary, each of the experimen-
tal methods performed demonstrated a substantial
increase in cell apoptosis following treatment of
HCC827 cells with relevant ruthenium(II)-arene
complex.
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Table 1 ICsq values of ruthenium (ll)-arene complex
according to the MTT assays

ICso values
Treatment type HCC827 cells
Ruthenium (Il)-arene complex 196 £ 53 uM

The values are shown as mean + SD, n = 5.

Note: ICso values indicate the 50% growth inhibitory concentration values of
ruthenium (ll)-arene complex.

Apoptotic DNA fragmentation

To determine whether the cell cytotoxicity was due to
the apoptotic response, the DNA fragmentations were
examined by agarose gel electrophoresis. When
HCCB827 cells were treated with 100 uM ruthenium
(IT)-arene complex, the intensity of fragmented chro-
mosomal DNA bands was much higher than that
observed from cells treated with 50 uM ruthenium (II)-
arene complex (Figure 3B, lane 1, 2 respectively).
These results provide the evidence that the remarkable
enhancement of apoptosis was induced by the antican-
cer effect of relevant ruthenium (II)-arene complex on
HCCB827 cells.

Intracellular ruthenium(ll)-arene complex measurement
HCC827 cells uptake of ruthenium(II)-arene complex
was examined after 2 hours treatment. Figure 3C shows
the Fe levels in various treatments. When ruthenium
(II)-arene complex were injected into cells, the amount
of Fe in tested cells was significantly higher than those
in the control group. In accordance with this results, we
demonstrate that ruthenium (II)-arene complex was
intaken by cellular behavior with concentration-depen-
dent used in the experiment.
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Figure 3 Morphological images and genomic DNA apoptosis
and Cyclic voltammetry study. (A) Detection of apoptotic and
normal cells by Acridine Orange Staining. Apoptotic nuclei could be
identified by their distinctively marginated and fragmented
appearance. (B) The genomic DNA was isolated from the HCC827
cells that underwent various treatments. The DNA ladders were
visualized under UV light. Lane M: Molecular weight markers; Lane 1:
Cells treated with 100 uM ruthenium (I)-arene complex; Lane 2:
Cells treated with 50 uM ruthenium (l)-arene complex; Lane 3: DNA
isolated from HCC827 cells without any treatment. (C) Cyclic
voltammetry study of ruthenium (I)-arene complex residue outside
HCC827 cells after incubating. (a) ruthenium (I)-arene complex (10
uM); (b) ruthenium (I)-arene complex (10 uM) and cells for 1 h; (c)
ruthenium (I)-arene complex (10 uM) and cells for 2 h. Pulse
amplitude: 0.05 V; pulse width: 0.05 s; pulse period: 0.2 s.
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Activation of the signal pathway by ruthenium(ll)-arene
complex in HCC827 Cells

To further understand the molecular mechanisms
underlying the ruthenium(II)-arene complex mediated
apoptosis in HCC827 cells, we investigated apoptosis-
related protein expression in HCC827 cells. When
HCC827 cells were treated with 100 uM ruthenium
(II)-arene complex, the cleaved Caspase-8 (p43/p41) sig-
nals on Western blots were much stronger than those
for cells treated with 50 pM ruthenium(Il)-arene com-
plex (Figure 4A). Similar results were obtained for
cleaved Caspase-9 and Caspase-3. PARP is a known
downstream target of active Caspase-3 and can be
cleaved during the induction of apoptosis. In HCC827
cells treated with 100 uM ruthenium (II)-arene com-
plex, the cleavage of PARP via the proteolytic degrada-
tion of most length PARP into the activated form was
detected along with Caspase-3 activation. Treatment of
cells with 50 uM ruthenium (II)-arene complex initiate
length PARP into the activated form was detected along
with Caspase-3 activation. These data suggest that
ruthenium (II) arene complex treatment induces cell
apoptosis by increasing activation of Caspase-8, 9 path-
ways in HCC827 cells.
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Figure 4 Activation of the apoptosis signal pathway. (A)
Western blotting in vitro. Cell lysates were prepared from the cells
treated with 50 pM ruthenium (Il)-arene complex, 100 uM
ruthenium (Il)-arene complex. HCC827 cells without treatment were
used as a control. The following antibodies were used: anti-cleaved
Caspase-8, anti-cleaved Caspase-9, anti-cleaved Caspase-3, and anti-
PARP antibody. GAPDH was served as a loading control. (B) Western
blotting in vivo. Tumor lysates were prepared from the cells treated
with 50 pmol/kg ruthenium (l)-arene complex, 100 pmol/kg
ruthenium (I)-arene complex. HCC827 cells without treatment were
used as a control. The following antibodies were used: anti-cleaved
Caspase-8, anti-cleaved Caspase-9, anti-cleaved Caspase-3, and anti-

PARP antibody. GAPDH was served as a loading control.

Analysis of cell apoptosis in HCC827 xenograft tumors
The anticancer effect of ruthenium (II)-arene complex
on the apoptosis induction in the xenograft tumors
excised from HCC827 nude mice was evaluated. The
apoptotic rate in the HCC827 xenograft tumor on the
control group (Figure 5A, a) was about 9.1%. The apop-
totic rate in group 2 (HCC827 mice treated with 50
pumol/kg ruthenium (II)-arene complex) did increase to
about 46.7% significantly (Figure 5A, b). For group 3
(HCC827 mice treated with 100 umol/kg ruthenium
(II)-arene complex), as compared to that of the control
group, the number of apoptotic cells were greatly
increased to about 65.9% (Figure 5A, c).

It is clear from Figure 5B that the tumor volume in
HCCB827 nude mice the control group were the largest
(4000 mm?, group 1). 50 umol/kg ruthenium (II)-arene
complex greatly inhibited the tumor growth in HCC827
nude mice (1800 mm?, group 2). In contrast to group 2,
100 pmol/kg ruthenium (II)-arene complex greatly
showed much more tumor growth inhibition in
HCC827 nude mice (500 mm?, group 3). Those results
provide the fresh evidence that remarkable enhancement
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Figure 5 Immunohistochemical staining of apoptotic cells in
HCC827 xenograft tumors. (A) TUNEL staining was performed on
tissue sections of HCC827 xenograft tumors treated as follows: (a)
group 1, control group; (b) group 2, 50 umol/kg ruthenium (I1)-
arene complex treatment; (c) group 3, 100 pmol/kg ruthenium (I)-
arene complex treatment. Arrows: TUNEL positive cells (indicate
apoptotic cells). Scale bars: 50 um. (d) Quantitative analysis of
apoptotic cells after various treatments shown in (Figure 5. A a, b,
Q). (B) Inhibition of tumor growth in HCC827 nude mice with
different treatments. (a) The different treatment effects on the
tumor growth inhibition in nude mice inoculated with HCC827
cells: group 1, no treatment, serve as a control group; group 2, 50
umol/kg ruthenium (I)-arene complex treatment; group 3, 100
pumol/kg ruthenium (ll)-arene complex. (b) Quantitative analysis of
tumor volume after various treatments shown in (Figure 5. B a).
Each data represents the mean + standard deviation (n = 7).
*Indicates significant difference in comparison to the control group

(o < 0.05).

of cell apoptosis can be readily induced and tumor
growth inhibition can be inhibited by anticancer effect
of ruthenium (II)-arene complex in vivo.

Antitumor signal pathway of ruthenium (ll)-arene
complex in vivo

To further investigate whether the antitumor signal
pathway of ruthenium (II)-arene complex investigated in
a lung tumor model using HCC827 nude mice is consis-
tent with signaling apoptosis induction in vitro, tumor
samples from xenograft mice were subjected to Western
blot assays. Western blots using the tumor extracts
showed that 50 pmol/kg ruthenium (II)-arene complex
treatment increased relatively subsequent half of PARP
activation, whereas 100 pmol/kg Ruthenium (II) Arene
Complex treatment led to most activation of PARP
when compared with control (Figure 4B). PARP is a
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known downstream target of cleaved Caspase-3.
Caspase-3 is a known downstream target of active
Caspase-8, 9. Similar results were obtained for cleaved
Caspase-8, 9, 3. When HCC827 cells were treated with
100 pmol/kg ruthenium (II)-arene Complex, the cleaved
signals on western blots were much stronger than those
for cells treated with 50 umol/kg Ruthenium (II) Arene
Complex.

Discussion

The new ruthenium (II)-arene complex was about 1 nm,
ruthenium (II)-arene complex has nanocomposites and
biomaterials activity. So the complex may be used as
nanodrug, for cancer targeting, and intracellular labeling.
Although ruthenium (II)-arene complex is used as an
anti SMMC-7721 and HELF cancer drug [6], our group,
along with several others, reported that new ruthenium
(II)-arene complex could be used as an anti lung cancer
drug. Ruthenium (II)-arene complex could induce can-
cer cells apoptosis, the underlying molecular mechanism
to HCC827 cells was unclear. One possible mechanism
is that enhanced biomolecular recognition and transpor-
tation through the cell membrane because of the hydro-
phobic face provided by the arene ligands [13].
Consistent with previous observations, our current study
indicates that ruthenium (II)-arene complex treatment
activated Caspase-8, 9 pathways to induce apoptosis in
HCC827 cells.

Apoptosis is an important biological process in many
systems and can be triggered by a variety of stimuli
received by the cells [14]. Caspase-family represents the
key components of the apoptotic machinery within the
cells and consists of at least 14 different caspase pro-
teases in mammals [15]. There are two major pathways
of caspase activation with one of which is initiated by
TNE-family receptors that recruit several intracellular
proteins to form a “death-inducing signaling complex”
(DISC) upon external “death signal” stimulation, leading
to Caspase-8 activation and apoptosis; another major
apoptosis pathway targets mitochondria that release
Cytochrome c activates pro-Caspase-9; the initiator Cas-
pases, such as Caspase 8 and 9, activated via these two
pathways, can cleave and activate their downstream
effector Caspases, such as Caspase-3, thus propagating a
cascade of proteolysis that results in apoptosis [16].

Firstly, we analyzed the cells apoptosis morphology
from various angles regarding MTT assay, nuclei stain-
ing, DNA fragment assay. We demonstrated in this
study that ruthenium (II)-arene complex elicited an
anti-proliferative effect in dose-dependent manner in
HCC827 human lung cancer cells. The apparent ICsq
values for relevant ruthenium (II)-arene complex are
estimated as 19.6 uM for HCC827 cells. In addition,
when cells were treated with ruthenium (II)-arene
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complex, they exhibited characteristic morphological
features of apoptosis, such as chromosomal condensa-
tion and DNA fragment. With flow cytometry assay, we
analyze quantitative apoptotic cells after various treat-
ments. So the new ruthenium (II)-arene complex could
be used as inducing HCC827 cells apoptosis with rela-
tively low concentration. We also demonstrate that
ruthenium (II)-arene complex was intaken by cellular
behavior with concentration-dependent used the spec-
trophotometry experiment. So ruthenium (II)-arene
complex is effective chemical for anticancer due to the
unique properties of the respective material at the
nanoscale level.

In the current study, we found that ruthenium (II)-
arene complex treatments activated Caspase-8, 9 path-
ways to induce apoptosis in HCC827 cells. Cleaved Cas-
pase-8, Caspase-9 activated Caspase-3 that correlated
with the increased cleaved PARP expression after ruthe-
nium (II)-arene complex treatments (Figure 4A). And
then DNA fragmentation is induced during the cells
apoptosis by cleaved PARP expression. To further inves-
tigate whether the antitumor signal pathway of ruthe-
nium (II)-arene complex investigated in a lung tumor
model using HCC827 nude mice are consistent with sig-
naling apoptosis induction in vitro, tumor samples from
xenograft mice were subjected to Western blot assays
(Figure 4). The results provide the evidence that the
same antitumor signal pathway of ruthenium(II)-arene
complex induced in the HCC827 cells in vitro and in
vivo. Consequently, as shown in Figure 5, TUNEL
results demonstrate that tumor growth inhibition is
inhibited by apoptosis effect of ruthenium (II)-arene
complex in vivo. Therefore, the ruthenium (II)-arene
complex treatment might lead to the upregulation of
some TNF-family receptors activity and Cytochrome ¢
binds to the Caspase activator, which in turn may lead
to the degradation of the Caspase-8, 9 respectively. The
in vitro and in vivo assay results of the current study
further support this degradation of the Caspase protein,
suggesting the crucial role of the ruthenium (II)-arene
complex to induce cancer cell apoptosis.

Conclusion

In summary, our results show that the nanoscale level of
ruthenium (II)-arene complex induced significant apop-
tosis, and activation of Caspases in HCC827 cancer in
vitro and in vivo. The underlying apoptotic mechanism
was revealed to be crucially dependent on the activation
of Caspase-8, 9 that engaged at later stage at least.
These observations suggest that ruthenium (II)-arene
complex is a potential candidate for lung cancer che-
motherapy. Those results provide the evidence that
remarkable enhancement of apoptosis can be induced
and tumor growth can be inhibited by anticancer effect

Page 7 of 8

of ruthenium (II)-arene complex in vivo. It is evident
that the better understanding of the apoptotic mechan-
ism and possible chemotherapeutic activity of ruthenium
(IT)-arene complexs chemotherapeutic activity would
benefit the future clinical study.

Abbreviations

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny! tetrazolium bromide; PARP:
proteolytic cleavage of poly-(ADP-ribose) polymerase; TUNEL: terminal
deoxynucleotidy! transferase-mediated dUTP nick end-labeling;

Acknowledgements

This work was supported by the National Natural Science Foundation of
China (90713023), National Basic Research Program of China
(No.2010CB732404), National High Technology Research and Development
Program of China (2007AA022007), Doctoral Fund of Ministry of Education
of China (20090092110028), and the Natural Science Foundation of Jiangsu
Province (BK2008149) to X. M. W.

Author details

'State Key Lab of Bioelectronics (Chien-Shiung Wu Lab), Department of
Biological Science and Medical Engineering Southeast University, Nanjing,
210096, PR China. “State Key Lab of Coordination Chemistry, School of
Chemistry and Chemical Engineering, The Joint Laboratory of Metal
Chemistry, Nanjing University, Nanjing, Jiangsu 210093, PR China.

Authors’ contributions

HY, HDY synthesized ruthenium (ll)-arene complex; GZ, CHW performed the
cell and the animal studies; GZ, XMW wrote the manuscript. All authors read
and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 25 November 2010 Accepted: 22 February 2011
Published: 22 February 2011

References

1. Clarke MJ, Zhu F, Frasca DR: Non-platinum chemotherapeutic
metallopharmaceuticals. Chem Rev 1999, 99:2511-2534.

2. Brabec V, Novakova O: DNA binding mode of ruthenium complexes and
relationship to tumor cell toxicity. Drug Resist Updat 2006, 9:111-122.

3. Bergamo A, Masi A, Jakupec MA, Keppler BK, Sava G: Inhibitory Effects of
the Ruthenium Complex KP1019 in Models of Mammary Cancer Cell
Migration and Invasion. Met Based Drugs 2009, 6:22-31.

4. Hirata M, Inada M, Matsumoto C, Takita M, Ogawa T, Endo Y, Miyaura C: A
novel carborane analog, BE360, with a carbon-containing polyhedral
boron-cluster is a new selective estrogen receptor modulator for bone.
Biochem Biophys Res Commun 2009, 380:218-222.

5. Olshevskaya VA, Zaitsev AV, Luzgina VN, Kondratieva TT, lvanov OG,
Kononova EG, Petrovskii PV, Mironov AF, Kalinin VN, Hofmann J, Shtil AA:
Novel boronated derivatives of 5,10,15,20-tetraphenylporphyrin:
synthesis and toxicity for drug-resistant tumor cells. Bioorg Med Chem
2006, 14:109-120.

6. Wu CH, Wu DH, Liu X, Guoyigibayi G, Guo DD, Lv G, Wang XM, Yan H,
Jiang H, Lu ZH: Ligand-based neutral ruthenium(ll) arene complex:
selective anticancer action. /norg Chem 2009, 48:2352-2354.

7. Soloway AH, Tjarks W, Barnum BA, Rong FG, Barth RF, Codogni IM,

Wilson JG: The Chemistry of Neutron Capture Therapy. (Chem. Rev. 1998,
98, 1515. Published on the Web May 20, 1998). Chem Rev 1998,
98:2389-2390.

8. Vessieres A, Top S, Pigeon P, Hillard E, Boubeker L, Spera D, Jaouen G:
Modification of the estrogenic properties of diphenols by the
incorporation of ferrocene. Generation of antiproliferative effects in
vitro. J Med Chem 2005, 48:3937-3940.

9. Hillard E, Vessieres A, Le Bideau F, Plazuk D, Spera D, Huche M, Jaouen G: A
series of unconjugated ferrocenyl phenols: prospects as anticancer
agents. ChemMedChem 2006, 1:551-559.


http://www.ncbi.nlm.nih.gov/pubmed/11749489?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11749489?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16790363?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16790363?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19159615?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19159615?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19159615?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16185886?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16185886?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19220049?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19220049?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11848966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11848966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15943467?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15943467?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15943467?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16892391?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16892391?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16892391?dopt=Abstract

Zhang et al. Journal of Nanobiotechnology 2011, 9:6
http://www.jnanobiotechnology.com/content/9/1/6

Vock CA, Ang WH, Scolaro C, Phillips AD, Lagopoulos L, Juillerat-
Jeanneret L, Sava G, Scopelliti R, Dyson PJ: Development of ruthenium
antitumor drugs that overcome multidrug resistance mechanisms. J Med
Chem 2007, 50:2166-2175.

Hawthorne MF: New horizons for therapy based on the boron neutron
capture reaction. Mol Med Today 1998, 4:174-181.

Mendoza-Ferri MG, Hartinger CG, Eichinger RE, Stolyarova N, Severin K,
Jakupec MA, Nazarov AA, Keppler BK: Influence of the spacer length on
the in vitro anticancer activity of dinuclear ruthenium-arene
compounds. Organometallics 2008, 27:2405-2407.

Morris RE, Aird RE, Murdoch Pdel S, Chen H, Cummings J, Hughes ND,
Parsons S, Parkin A, Boyd G, Jodrell DI, Sadler PJ: Inhibition of cancer cell
growth by ruthenium(ll) arene complexes. J Med Chem 2001,
44:3616-3621.

Im E, Akare S, Powell A, Martinez JD: Ursodeoxycholic acid can suppress
deoxycholic acid-induced apoptosis by stimulating Akt/PKB-dependent
survival signaling. Nutr Cancer 2005, 51:110-116.

Krajewska M, Kim H, Shin E, Kennedy S, Duffy MJ, Wong YF, Marr D,
Mikolajczyk J, Shabaik A, Meinhold-Heerlein |, et a: Tumor-associated
alterations in caspase-14 expression in epithelial malignancies. Clin
Cancer Res 2005, 11:5462-5471.

Krajewska M, Rosenthal RE, Mikolajczyk J, Stennicke HR, Wiesenthal T, Mai J,
Naito M, Salvesen GS, Reed JC, Fiskum G, Krajewski S: Early processing of
Bid and caspase-6, -8, -10, -14 in the canine brain during cardiac arrest
and resuscitation. £xp Neurol 2004, 189:261-279.

doi:10.1186/1477-3155-9-6

Cite this article as: Zhang et al. Nanoscaled carborane ruthenium(ll)-
arene complex inducing lung cancer cells apoptosis. Journal of
Nanobiotechnology 2011 9:6.

Page 8 of 8

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolMed Central



http://www.ncbi.nlm.nih.gov/pubmed/17419606?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17419606?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9572059?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9572059?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11606126?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11606126?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15749637?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15749637?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15749637?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16061862?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16061862?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15380478?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15380478?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15380478?dopt=Abstract

	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Cells, animals and chemicals
	Transmission Electron Microscopy
	Cell growth inhibition study by MTT assay
	Flow cytometry analysis
	AO staining for apoptotic cells
	Intracellular ruthenium(II)-arene complex measurement
	Apoptotic DNA fragmentation analysis
	Apoptosis Western blotting analysis in vitro
	Experimental animals
	Intravenous injection of reagents and tumor growth inhibition study
	Apoptosis Western blotting analysis in vivo
	In situ apoptosis by TUNEL staining
	Statistical analysis

	Results
	Cell apoptosis rate induced by Ruthenium (II) Arene Complex
	Apoptotic DNA fragmentation
	Intracellular ruthenium(II)-arene complex measurement
	Activation of the signal pathway by ruthenium(II)-arene complex in HCC827 Cells
	Analysis of cell apoptosis in HCC827 xenograft tumors
	Antitumor signal pathway of ruthenium (II)-arene complex in vivo

	Discussion
	Conclusion
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


