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Abstract: Ruthenium (Ru) complexes are currently the focus of substantial interest because
of their potential application as chemotherapeutic agents with broad anticancer activities.
This study investigated the in vitro and in vivo anticancer activities and mechanisms of
two Ru complexes—2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine Ru(II) carbonyl (Ru1) and
5,10,15,20-Tetraphenyl-21H,23H-porphine Ru(II) carbonyl (Ru2)—against human hepatocellular
carcinoma (HCC) cells. These Ru complexes effectively inhibited the cellular growth of three human
hepatocellular carcinoma (HCC) cells, with IC50 values ranging from 2.7–7.3 µM. In contrast, the
complexes exhibited lower toxicity towards L02 human liver normal cells with IC50 values of 20.4
and 24.8 µM, respectively. Moreover, Ru2 significantly inhibited HepG2 cell migration and invasion,
and these effects were dose-dependent. The mechanistic studies demonstrated that Ru2 induced
HCC cell apoptosis, as evidenced by DNA fragmentation and nuclear condensation, which was
predominately triggered via caspase family member activation. Furthermore, HCC cell treatment
significantly decreased the expression levels of Nrf2 and its downstream effectors, NAD(P)H: quinone
oxidoreductase 1 (NQO1) and heme oxygenase 1 (HO1). Ru2 also exhibited potent in vivo anticancer
efficacy in a tumor-bearing nude mouse model, as demonstrated by a time- and dose-dependent
inhibition on tumor growth. The results demonstrate the therapeutic potential of Ru complexes
against HCC via Nrf2 pathway regulation.
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1. Introduction

The success of cisplatin in combating cancers has kindled substantial interest among scientists to
identify additional, platinum (Pt)-based metal complexes with improved anticancer activities [1,2].
However, clinically serious side effects, such as nephrotoxicity, gastrointestinal toxicity, and drug
resistance, have limited the clinical applications of Pt-based complexes [3]. Therefore, substantial
efforts have been made in previous decades to identify non-platinum-based metal anticancer
drugs [4–7]. Specifically, ruthenium (Ru)-based complexes comprise promising antitumor agents
with broad anticancer effects. These Ru-based complexes may function as alternatives to cisplatin and
platinum-based anticancer drugs because they exhibit favorable properties for the design of anticancer
drugs, such as the higher coordination number for more diversified drug design and lower toxicity
with respect to healthy tissues [8–11].

Human hepatocellular carcinoma (HCC), which accounts for approximately 700,000 yearly deaths
worldwide, is the fifth and seventh most common cancer in men and women, respectively [12].
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Currently, chemotherapy is one of the most important modalities for HCC treatment. Therefore, the
rational design and synthesis of potent metal complexes, especially Ru complexes, may represent a
potential strategy to identify novel anti-HCC drugs. Studies have demonstrated the application
potentials of Ru complexes in the chemotherapy of HCC. For example, Chen and colleagues
demonstrated that water-soluble Ru(II) complexes with chiral 4-(2,3-dihydroxypropyl)-formamide
oxoaporphine functioned as G4-DNA binders to inhibit telomerase activity and subsequently induce
HCC cell apoptosis [13]. Yuan et al. demonstrated that the Ru complex Λ-WH0402 induced HCC
LM6 cell death by triggering Beclin-1-dependent autophagy pathways [14]. Wu et al. demonstrated
that a structural change in the Ru(II) arene complex from a ferrocene unit to a carboxyl group led to
highly selective antitumor activity aimed at cancerous cells and facilitated the inhibition of cancer
cell proliferation [15]. Moreover, Huang et al. determined that mixed-ligand Ru(II) complexes could
be used for photodynamic therapy of HCC cells [16]. Taken together, these findings indicate the
therapeutic potential of Ru complexes for HCC treatment. However, the in vivo effects and mechanisms
remain unclear.

The current study investigated the anti-HCC activities and mechanisms of Ru complexes in vitro
and in vivo. The findings indicated that Ru complexes inhibited HCC cell growth, migration, and
invasion via the induction of Nrf2-mediated cell apoptosis. Furthermore, Ru complex 2 (Ru2)
demonstrated potent in vivo anti-HCC activity in an animal model. Taken together, the current
findings support the therapeutic potential of Ru complexes against HCC via Nrf2 pathway regulation.

2. Results and Discussion

2.1. Ru Complexes Inhibit HCC Cell Growth, Migration, and Invasion

The in vitro anticancer activities of two Ru complexes (Figure 1a) were first screened using several
HCC cells (HepG2, Bel7402, and SMMC7721) and a human normal liver cell line (L02). Following 72 h
of Ru complex treatment, the cell viability was assessed via an MTT assay. The IC50 value indicated
that both Ru1 and Ru2 complexes could effectively inhibit HCC cell growth, with higher anticancer
efficacy observed in Ru2, which exhibited IC50 values at 2.7 ˘ 1.4, 3.2 ˘ 1.2, and 5.0 ˘ 1.8 µM for the
tested HCC cells (Figure 1b). This cell line-specific anticancer efficacy could be due to the different
biochemical characteristic of different cells. In contrast, Ru2 exhibited lower toxicity towards the L02
human normal liver cells (IC50 value = 24.8 ˘ 2.0 µM), which indicates a high selectivity between
cancer and normal cells. As a result of the substantial metastatic potency of HCC, we investigated
the effects of Ru2 on the metastatic potential of HepG2 cells in vitro. A scratch motility assay was
subsequently performed to determine the anti-metastatic potential of Ru2, and the results showed
that Ru2 at 2 and 4 µM effectively inhibited HepG2 cell migration following 24 h of treatment in a
dose-dependent manner (Figure 2). Moreover, the effects of Ru complexes on the invasion of HepG2
cells were assessed using a Transwell Boyden chamber that was pre-coated with matrigel for 4 h
at 37 ˝C. The results showed that Ru2 effectively inhibited HepG2 cell invasion following 24 h of
treatment in a dose-dependent manner (Figure 3). Together, these findings support the wide-spectrum
therapeutic potential of Ru complexes in HCC treatment.
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Figure 1. Ru complexes exert in vitro anticancer activities. (a) Chemical structure of Ru complexes;  
(b) Cytotoxicity of Ru complexes towards human cancer and normal cells. Human hepatocellular 
carcinoma (HCC) and L02 cells were treated with Ru complexes for 72 h. The cell viability was 
subsequently investigated via an MTT assay. 

 

Figure 2. Effects of Ru2 on HepG2 cell migration. Cells were exposed to different Ru2 concentrations 
for 24 h and photographed using a phase-contrast microscope (200×, Nikon TS100, Nikon, Tokyo, 
Japan). Values in the images indicate the migration ability of the cells. 

 

Figure 3. Effects of Ru2 on HepG2 cell invasion by using Transwell Boyden assay. Cells were 
exposed to different Ru2 concentrations for 24 h, stained with Giemsa solution, and photographed 
using a phase-contrast microscope (200×, Nikon TS100). Values under the images indicate the 
invasion ability of the cells. 
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Figure 1. Ru complexes exert in vitro anticancer activities. (a) Chemical structure of Ru complexes;
(b) Cytotoxicity of Ru complexes towards human cancer and normal cells. Human hepatocellular
carcinoma (HCC) and L02 cells were treated with Ru complexes for 72 h. The cell viability was
subsequently investigated via an MTT assay.
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Figure 2. Effects of Ru2 on HepG2 cell migration. Cells were exposed to different Ru2 concentrations
for 24 h and photographed using a phase-contrast microscope (200ˆ, Nikon TS100, Nikon, Tokyo,
Japan). Values in the images indicate the migration ability of the cells.
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Figure 3. Effects of Ru2 on HepG2 cell invasion by using Transwell Boyden assay. Cells were exposed
to different Ru2 concentrations for 24 h, stained with Giemsa solution, and photographed using a
phase-contrast microscope (200ˆ, Nikon TS100). Values under the images indicate the invasion ability
of the cells.



Int. J. Mol. Sci. 2016, 17, 775 4 of 11

2.2. Cell Apoptosis Activation by Ru Complexes

Dysregulation of cell apoptosis has been associated with chronic diseases, especially cancers, in
humans [17]. The induction of cancer cell apoptosis (also referred to as programmed cell death)
has been demonstrated as an effective approach for clinical cancer treatment [18]. The growth
inhibitory activities of most anticancer drugs on cancer cells are achieved via the induction of
apoptosis [19]. Substantial evidence has demonstrated that Ru complexes inhibited cancer cell growth
via the induction of apoptosis [5,9,11,16]. Based on in vitro anticancer screening, Ru2 demonstrated
an increased anticancer efficacy compared with Ru1. Thus, studies were conducted to investigate the
anticancer mechanism through which Ru2 caused cancer cell death. First, propidium iodide (PI)-flow
cytometric analysis was implemented to identify the mechanism of Ru-induced cell death. HepG2 cell
exposure to different Ru2 concentrations led to an increased proportion of apoptotic cells (Figure 4);
this effect was dose-dependent, as reflected by the increase in the sub-G1 populations from 2.3%
(control) to 37.9% (4 µM) (Figure 4). Furthermore, the TUNEL-DAPI co-staining assay results indicated
that HepG2 cell exposure to 2 and 4 µM of Ru2 for 24 h triggered significant and dose-dependent
apoptosis (Figure 5). Representative fluorescent images indicated that HepG2 cells treated with Ru2
exhibited significant apoptotic DNA fragmentation and nuclear condensation. Overall, these findings
indicate that apoptosis comprised the major mode of cell death induced by these Ru complexes.
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Caspase family proteins function as important regulators in the induction of apoptosis via the
enzymolysis of substrates [20]. Activated caspases induce proteolytic cleavage of PARP and ultimately
result in cell apoptosis [20]. Cell apoptosis may be initiated by two mechanisms, including the death
receptor-mediated extrinsic and mitochondria-mediated intrinsic apoptotic pathways. The current
study investigated the intracellular caspase activities in cells following Ru2 exposure to determine
the caspase requirement for the apoptotic cascade. As shown in Figure 6, HepG2 cell exposure to
Ru2 significantly induced caspase-3, -8, and -9 activation. These findings indicate that Ru2 induced
HCC cell apoptosis primarily through the activation of caspase-mediated apoptosis, as well as the
involvement of mitochondria and death receptors.
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2.3. Ru Complexes Induce Reactive Oxygen Species (ROS) Overproduction via Nrf2 Pathway Regulation

ROS, including superoxide anion, hydrogen peroxide, and hydroxyl radical, are involved in
the mechanisms of numerous anticancer drugs via the initiation of apoptotic signaling pathways
during chemotherapy [21]. Excess intracellular ROS may cause DNA damage and trigger the
activation of nuclear factor-like 2 (Nrf2) and downstream signals, such as NAD(P)H: quinone
oxidoreductase 1 (NQO1) and heme oxygenase 1 (HO1) [22–25]. Substantial evidence indicates
that ROS played a critical role in the signaling pathways triggered by therapeutic cancer drugs
and metal complexes [5,9,11,16,26–30]. Therefore, we determined the intracellular ROS generation
levels in HepG2 cells following Ru2 exposure via the assessment of dihydroethidium (DHE)
fluorescence intensity. The cells treated with Ru2 significantly triggered ROS generation in a time- and
dose-dependent manner (Figure 7a). Furthermore, when cells were treated with 4 µM of Ru2, the
ROS production increased to 150% of the control. Moreover, the ROS scavenger N-acetylcysteine
(NAC) was also implemented to confirm the role of ROS in cell apoptosis. These findings indicate
that NAC pretreatment (1 mM) suppressed Ru-induced cell death (Figure 7b). Taken together, these
findings indicate that ROS play an important role in cell apoptosis induced by Ru complexes in HCC
cells.The Keap1-Nrf2 pathway is a critical cytoprotective regulator in mammalian cells in response
to both endogenous and exogenous stresses [31]. Thus, Western blotting was used to identify the
effects of Ru2 on the Nrf2 expression level in HCC cells. Ru2 significantly inhibited the Nrf2 signaling
pathway, as demonstrated by the decreased expression levels of Nrf2 and its downstream effectors
NQO1 and HO1, especially HO1, in a dose-dependent manner (Figure 8). These results suggest that
the Nrf2 pathway may be involved in Ru2-induced oxidative stress and cell apoptosis. To clarify the
involvement of the Nrf2 pathway in Ru-induced ROS generation and cell apoptosis, the effects of the
ROS scavenger NAC on Nrf2 expression were investigated in cells with or without Ru2 treatment.
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Ru2 significantly reduced the Nrf2 protein level in the HCC cells (Figure 8), which was increased by
the addition of NAC. These findings indicate that Ru2 induces intracellular ROS generation to inhibit
the Nrf2 signaling pathway to regulate cell fate.
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2.4. In Vivo Anticancer Activities of Ru2

Furthermore, the in vivo anticancer activity of Ru2 against HCC was investigated in HepG2
xenografts using a nude mouse model. Following i.p. (2.5 and 5.0 mg/kg body weight on alternating
days) administration for 20 days, the tumor weight significantly decreased from 2.5 to 1.6 and 1.1 g,
respectively. The tumor volume dramatically decreased to 65% and 42%, respectively, of the control
group (Figure 9). Moreover, the mice that received Ru2 treatment maintained normal body weight
throughout the treatment process, and the mortality for the mice in different treatment groups was
found at zero. These findings support the potent in vivo anticancer efficacy of Ru2 against HCC.
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Additional pre-clinical studies should be conducted to promote the development of this type of
Ru-based anticancer metal medicine.Int. J. Mol. Sci. 2016, 17, 775 7 of 11 
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Figure 9. In vivo antitumor efficacy and action mechanisms of Ru2. Inhibition of HepG2 xenograft
tumor weight (a) and tumor volume (b) by Ru2. BALB/c nude mice bearing HepG2 xenograft tumors
were treated with the complex (2.5 and 5.0 mg/kg every other day) for 20 days. * p < 0.05 and ** p < 0.01
compared with the control.

3. Materials and Methods

3.1. Reagents, Cell Lines, and Cell Cultures

Ru complexes, including 2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine ruthenium(II) carbonyl
and 5,10,15,20-Tetraphenyl-21H,23H-porphine ruthenium(II) carbonyl, and all other reagents were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Human HCC cells (HepG2, Bel7402, and
SMMC7721) and a human normal liver cell line (L02) were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA) and GuangZhou Jennio Biotech Co., Ltd. (Guangzhou, China).
The cell lines were cultured and maintained in RPMI 1640 or DMEM culture media, which contained
10% fetal bovine serum, penicillin (100 units/mL), and streptomycin (50 units/mL) at 37 ˝C in a humid
incubator with 5% CO2.

3.2. Cell Viability Assessment via MTT Assay

Ru complex effects on cell proliferation were determined via an MTT assay based on previous
research with modifications [32]. The cell density seeded in the 96-well plates was 2 ˆ 104 cells/mL. A
microplate spectrophotometer (VERSA max, Molecular Devices, CA, USA) was used to measure the
color intensity of the formazan solution stranding at 575 nm to determine the cell viability [6].

3.3. Cell Migration and Invasion

To assess cell migration, HepG2 cells (1 ˆ 106 per well) were cultured in 6-well plates and allowed
to form a confluent monolayer for 24 h. After the serum was starved for 4 h, the cells were scratched
using pipette tips, washed with PBS, and photographed using a phase-contrast microscope (200ˆ,
Nikon TS100, Nikon, Tokyo, Japan). Fresh medium supplemented with 1% FBS was added to the wells
with different Ru complex concentrations. Following incubation for 24 and 48 h, three random areas of
cells were photographed. The migrated cells were subsequently quantified via manual counting, and
the inhibition ratio was expressed as a percentage of the control.

The effects of Ru complexes on the invasion of HepG2 cells were assessed using a Transwell
Boyden chamber (8 µm pore, Corning, Lowel, MA, USA), which was pre-coated with matrigel for 4 h
at 37 ˝C. One hundred microliters of cell suspension (2.5 ˆ 105 cells/mL) in serum-free medium was
added to the upper chamber compartment. The bottom chambers were supplemented with 500 µL
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of complete medium (10% FBS) and contained the indicated Ru complex concentrations. Following
incubation for 24 h, the non-migrant cells from the upper face were scraped using a cotton swab. The
invaded cells on the lower face were fixed with methanol, stained with Giemsa staining solution,
and photographed using a phase-contrast microscope (200ˆ, Nikon TS100). The invaded cells were
quantified via manual counting, and the inhibition ratio was expressed as a percentage of the control.

3.4. Flow Cytometric Analysis

Following exposure to different Ru complex concentrations, the cells were washed twice with PBS
and subsequently fixed with 70% ethanol at ´20 ˝C in the dark overnight. The fixed cells were stained
with propidium iodide (PI, 50.1 µg/mL) for 2 h in the dark and subsequently subjected to a Coulter
Epics XL flow cytometer (Miami, FL, USA). Apoptotic cells were quantified based on the sub-G1 peak
in the cell cycle distribution histogram [33].

3.5. Apoptotic DNA Fragmentation Assessment via TUNEL Staining Assays

Following treatments with different Ru complex concentrations, the cells cultured in confocal
dishes were fixed with formaldehyde for 10 min and permeabilized with 0.1% Triton X-100 in PBS
for 2 min. The cells were incubated with a 100-µL/well TUNEL reaction mixture, which contained
a nucleotide mixture and terminal deoxynucleotidyl transferase (TdT), for 1 h. The cells were then
stained with DAPI (1 µg/mL) for 20 min. After washing with PBS, the cells were examined using a
confocal fluorescence microscope (LSM 510 META, Carl Zeiss, Jena, Germany) [34].

3.6. Caspase Activation by Ru Complexes

The enzymatic activities of caspase-3, -8, and -9 in Ru complex-treated cells were determined using
a fluorometric method with specific caspase substrates (Ac-DEVD-AMC for caspase-3, Ac-IETD-AMC
for caspase-8, and Ac-LEHD-AMC for caspase-9 purchased from Enzo Life Sciences (Plymouth Meeting,
PA, USA), and the excitation and emission wavelengths were set at 380 and 440 nm, respectively [35].

3.7. Western Blotting

Following Ru complex treatments, the cells were harvested, collected as cell pellets, and lysed
in RIPA cell lysis buffer on ice for 1 h. The cell lysate protein concentrations were determined using
a BCA assay kit (Sigma-Aldrich) as previously described [36]. Equal proteins from each treatment
were separated on a 12% SDS denaturing polyacrylamide gel and electrophoretically transferred to
PVDF membranes. After blocking with 5% non-fat milk, the membranes were incubated with primary
antibodies (1:1000; Cell Signaling Technology, Inc. (Beverly, MA, USA)) at 4 ˝C overnight. After
washing with TBS solution, the PVDF membranes were incubated with corresponding secondary
antibodies and visualized using a Pierce ECL Western blotting substrate.

3.8. ROS Generation Assessment

Intracellular ROS generation following Ru complex exposure was determined via a
21,71-dichlorodihydrofluorescein diacetate (DCFH-DA) fluorometric assay [37]. Briefly, HepG2 cells
were seeded in 96-well microplates at 6 ˆ 104 cells/well for 24 h. The cells were subsequently incubated
with different treatments for different lengths of exposure. Following incubation, the treated cells were
incubated with 10 µM of DHE at 37 ˝C for 30 min. The medium was aspirated, and the cells were
washed two times using PBS. Prior to ROS measurement, 100 µL of PBS was added to each well. The
ROS in the samples were then immediately determined. ROS generation was assessed via fluorescence
intensity with settings of 485 and 525 nm for the excitation and emission wavelengths, respectively.
The change in intracellular ROS levels of each group was determined by calculating ∆F = (F ´ F0)/F0,
where F represents the fluorescence read at each time point and F0 represents the control fluorescence.
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3.9. Immunofluorescence Analysis of Protein Expression in Cells

Immunofluorescence imaging of Nrf2 in the treated cells was analyzed via immunofluorescence.
Following Ru complex treatments, the cells were washed with PBS and fixed with 3.7% formaldehyde
in PBS. After several rinses with PBS, the cells were permeabilized with 0.2% Triton X-100 for 5 min.
The permeabilized cells were subsequently blocked with 0.1% BSA and incubated overnight with p-p53
primary antibody at 4 ˝C. The cells were incubated with Alexa-488 labeled anti-rabbit IgG antibody
(1:250) for 1 h at room temperature. The cell nuclei were stained with Hochst 33342 for 20 min. Finally,
the slides were analyzed with a confocal fluorescence microscope (LSM 510 META).

3.10. Tumor Xenograft in Nude Mice

HepG2 cells (5 ˆ 106) suspended in PBS were subcutaneously injected into the right lower hind
flank of six-week-old male nude mice. The mice were then randomly assigned to three groups (n = 10
per group). After ten days, Ru complexes dissolved in solution (DMFv:Tween-80v:salinev = 10:2:88)
were administered (2.5 and 5.0 mg/kg body weight on alternating days, intraperitoneal injection)
for 20 days. The control group comprised mice administered an equal volume of the vehicle (saline).
The body weights and tumor volumes were assessed every 2 days. At the study endpoint, the tumor
xenografts were collected and weighed. The tumor dimensions were determined using calipers. The
tumor volume was calculated as follows: volume = l ˆ w2/2, where l represents the maximal length,
and w represents the width. All animal studies were approved by the Animal Experimentation Ethics
Committee of Southern Medical University.

3.11. Statistical Analysis

All experiments were performed at minimum in triplicate. The data are presented as
means ˘ standard errors. Differences between two groups were analyzed via two-tailed Student’s
tests, whereas differences among three or more groups were analyzed via one-way analysis of variance
(ANOVA) multiple comparisons. * p < 0.05 and ** p < 0.01 were considered statistically significant.

4. Conclusions

In summary, the current study elucidated the in vitro and in vivo anticancer efficacy and
mechanisms of two Ru complexes. These findings indicate that these potent Ru complexes suppress the
cell growth of the tested HCC cells through the induction of cell apoptosis via Nrf2 signaling pathway
regulation. The cell apoptosis was evidenced by DNA fragmentation and nuclear condensation,
which was predominately triggered via caspase family member activation. Furthermore, Ru2 also
demonstrated potent in vivo anticancer efficacy in a nude mouse model. Taken together, these findings
illustrate the therapeutic potential of Ru complexes against HCC via Nrf2 pathway regulation.

Author Contributions: Yiyu Lu and Weiguang Gu conceived and designed the experiments; Yiyu Lu and Ting
Shen performed the experiments and analyzed the data; Hua Yang contributed reagents/materials/analysis tools;
Weiguang Gu wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rosenberg, B.; van Camp, L.; Krigas, T. Inhibition of cell division in Escherichia coli by electrolysis products
from a platinum electrode. Nature 1965, 205, 698–699. [CrossRef] [PubMed]

2. Kelland, L. The resurgence of platinum-based cancer chemotherapy. Nat. Rev. Cancer 2007, 7, 573–584.
[CrossRef] [PubMed]

3. Markman, M. Toxicities of the platinum antineoplastic agents. Expert Opin. Drug Saf. 2003, 2, 597–607.
[CrossRef] [PubMed]

4. Wang, X.; Wang, X.; Guo, Z. Functionalization of platinum complexes for biomedical applications. Acc. Chem.
Res. 2015, 48, 2622–2631. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/205698a0
http://www.ncbi.nlm.nih.gov/pubmed/14287410
http://dx.doi.org/10.1038/nrc2167
http://www.ncbi.nlm.nih.gov/pubmed/17625587
http://dx.doi.org/10.1517/14740338.2.6.597
http://www.ncbi.nlm.nih.gov/pubmed/14585068
http://dx.doi.org/10.1021/acs.accounts.5b00203
http://www.ncbi.nlm.nih.gov/pubmed/26247558


Int. J. Mol. Sci. 2016, 17, 775 10 of 11

5. Chen, T.; Wong, Y.S.; Zheng, W.J.; Liu, J. Caspase- and p53-dependent apoptosis in breast carcinoma cells
induced by a synthetic selenadiazole derivative. Chem. Biol. Interact. 2009, 180, 54–60. [CrossRef] [PubMed]

6. Chen, J.; Luo, Z.; Zhao, Z.; Xie, L.; Zheng, W.; Chen, T. Cellular localization of iron(II) polypyridyl complexes
determines their anticancer action mechanisms. Biomaterials 2015, 71, 168–177. [CrossRef] [PubMed]

7. Liu, Z.; Sadler, P.J. Organoiridium complexes: Anticancer agents and catalysts. Acc. Chem. Res. 2014, 47,
1174–1185. [CrossRef] [PubMed]

8. Zhao, Z.; Luo, Z.; Wu, Q.; Zheng, W.; Feng, Y.; Chen, T. Mixed-ligand ruthenium polypyridyl complexes
as apoptosis inducers in cancer cells, the cellular translocation and the important role of ROS-mediated
signaling. Dalton Trans. 2014, 43, 17017–17028. [CrossRef] [PubMed]

9. Luo, Z.; Yu, L.; Yang, F.; Zhao, Z.; Yu, B.; Lai, H.; Wong, K.H.; Ngai, S.M.; Zheng, W.; Chen, T. Ruthenium
polypyridyl complexes as inducer of ROS-mediated apoptosis in cancer cells by targeting thioredoxin
reductase. Metallomics 2014, 6, 1480–1490. [CrossRef] [PubMed]

10. Chen, T.; Liu, Y.; Zheng, W.-J.; Liu, J.; Wong, Y.-S. Ruthenium polypyridyl complexes that induce
mitochondria-mediated apoptosis in cancer cells. Inorg. Chem. 2010, 49, 6366–6368. [CrossRef] [PubMed]

11. Cao, W.; Zheng, W.; Chen, T. Ruthenium polypyridyl complex inhibits growth and metastasis of breast
cancer cells by suppressing FAK signaling with enhancement of TRAIL-induced apoptosis. Sci. Rep. 2015, 5.
[CrossRef] [PubMed]

12. Marquardt, J.U.; Andersen, J.B.; Thorgeirsson, S.S. Functional and genetic deconstruction of the cellular
origin in liver cancer. Nat. Rev. Cancer 2015, 15, 653–667. [CrossRef] [PubMed]

13. Chen, Z.F.; Qin, Q.P.; Qin, J.L.; Zhou, J.; Li, Y.L.; Li, N.; Liu, Y.C.; Liang, H. Water-soluble ruthenium(II)
complexes with chiral 4-(2,3-dihydroxypropyl)-formamide oxoaporphine (FOA): In vitro and in vivo
anticancer activity by stabilization of G-quadruplex DNA, inhibition of telomerase activity, and induction of
tumor cell apoptosis. J. Med. Chem. 2015, 58, 4771–4789. [CrossRef] [PubMed]

14. Yuan, J.; Lei, Z.; Wang, X.; Zhu, F.; Chen, D. Ruthenium complex ΛWH0402 induces hepatocellular carcinoma
LM6 (HCCLM6) cell death by triggering the beclin-1-dependent autophagy pathway. Metallomics 2015, 7,
896–907. [CrossRef] [PubMed]

15. Wu, C.H.; Wu, D.H.; Liu, X.; Guoyiqibayi, G.; Guo, D.D.; Lv, G.; Wang, X.M.; Yan, H.; Jiang, H.; Lu, Z.H.
Ligand-based neutral ruthenium(II) arene complex: Selective anticancer action. Inorg. Chem. 2009, 48,
2352–2354. [CrossRef] [PubMed]

16. Huang, H.; Zhang, P.; Yu, B.; Jin, C.; Ji, L.; Chao, H. Synthesis, characterization and biological evaluation
of mixed-ligand ruthenium(II) complexes for photodynamic therapy. Dalton Trans. 2015, 44, 17335–17345.
[CrossRef] [PubMed]

17. Maiese, K.; Chong, Z.Z.; Shang, Y.C.; Wang, S. Targeting disease through novel pathways of apoptosis and
autophagy. Expert Opin. Ther. Targets 2012, 16, 1203–1214. [CrossRef] [PubMed]

18. Chen, T.; Wong, Y.S. Selenocystine induces apoptosis of a375 human melanoma cells by activating
ROS-mediated mitochondrial pathway and p53 phosphorylation. Cell. Mol. Life Sci. 2008, 65, 2763–2775.
[CrossRef] [PubMed]

19. Chen, T.; Wong, Y.S. Selenocystine induces caspase-independent apoptosis in MCF-7 human breast carcinoma
cells with involvement of p53 phosphorylation and reactive oxygen species generation. Int. J. Biochem.
Cell Biol. 2009, 41, 666–676. [CrossRef] [PubMed]

20. Riedl, S.J.; Shi, Y. Molecular mechanisms of caspase regulation during apoptosis. Nat. Rev. 2004, 5, 897–907.
[CrossRef] [PubMed]

21. Simon, H.-U.; Haj-Yehia, A.; Levi-Schaffer, F. Role of reactive oxygen species (ROS) in apoptosis induction.
Apoptosis 2000, 5, 415–418. [CrossRef] [PubMed]

22. Indran, I.R.; Hande, M.P.; Pervaiz, S. Htert overexpression alleviates intracellular ROS production, improves
mitochondrial function, and inhibits ROS-mediated apoptosis in cancer cells. Cancer Res. 2011, 71, 266–276.
[CrossRef] [PubMed]

23. Park, S.; Son, Y.J.; Leong, K.W.; Yoo, H.S. Therapeutic nanorods with metallic multi-segments: Thermally
inducible encapsulation of doxorubicin for anti-cancer therapy. Nano. Today 2012, 7, 76–84. [CrossRef]

24. Piconi, L.; Quagliaro, L.; Assaloni, R.; Da Ros, R.; Maier, A.; Zuodar, G.; Ceriello, A. Constant and intermittent
high glucose enhances endothelial cell apoptosis through mitochondrial superoxide overproduction.
Diabetes Metab. Res. Rev. 2006, 22, 198–203. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cbi.2008.12.010
http://www.ncbi.nlm.nih.gov/pubmed/19146838
http://dx.doi.org/10.1016/j.biomaterials.2015.08.031
http://www.ncbi.nlm.nih.gov/pubmed/26342440
http://dx.doi.org/10.1021/ar400266c
http://www.ncbi.nlm.nih.gov/pubmed/24555658
http://dx.doi.org/10.1039/C4DT01392A
http://www.ncbi.nlm.nih.gov/pubmed/25087850
http://dx.doi.org/10.1039/C4MT00044G
http://www.ncbi.nlm.nih.gov/pubmed/24823440
http://dx.doi.org/10.1021/ic100277w
http://www.ncbi.nlm.nih.gov/pubmed/20527894
http://dx.doi.org/10.1038/srep09157
http://www.ncbi.nlm.nih.gov/pubmed/25778692
http://dx.doi.org/10.1038/nrc4017
http://www.ncbi.nlm.nih.gov/pubmed/26493646
http://dx.doi.org/10.1021/acs.jmedchem.5b00444
http://www.ncbi.nlm.nih.gov/pubmed/25988535
http://dx.doi.org/10.1039/C5MT00010F
http://www.ncbi.nlm.nih.gov/pubmed/25811406
http://dx.doi.org/10.1021/ic900009j
http://www.ncbi.nlm.nih.gov/pubmed/19220049
http://dx.doi.org/10.1039/C5DT02081F
http://www.ncbi.nlm.nih.gov/pubmed/26387554
http://dx.doi.org/10.1517/14728222.2012.719499
http://www.ncbi.nlm.nih.gov/pubmed/22924465
http://dx.doi.org/10.1007/s00018-008-8329-2
http://www.ncbi.nlm.nih.gov/pubmed/18661100
http://dx.doi.org/10.1016/j.biocel.2008.07.014
http://www.ncbi.nlm.nih.gov/pubmed/18718551
http://dx.doi.org/10.1038/nrm1496
http://www.ncbi.nlm.nih.gov/pubmed/15520809
http://dx.doi.org/10.1023/A:1009616228304
http://www.ncbi.nlm.nih.gov/pubmed/11256882
http://dx.doi.org/10.1158/0008-5472.CAN-10-1588
http://www.ncbi.nlm.nih.gov/pubmed/21071633
http://dx.doi.org/10.1016/j.nantod.2012.02.005
http://dx.doi.org/10.1002/dmrr.613
http://www.ncbi.nlm.nih.gov/pubmed/16453381


Int. J. Mol. Sci. 2016, 17, 775 11 of 11

25. Wong, C.H.; Iskandar, K.B.; Yadav, S.K.; Hirpara, J.L.; Loh, T.; Pervaiz, S. Simultaneous induction of
non-canonical autophagy and apoptosis in cancer cells by ROS-dependent ERK and JNK activation.
PLoS ONE 2010, 5, e9996. [CrossRef] [PubMed]

26. Arai, M.; Shibata, Y.; Pugdee, K.; Abiko, Y.; Ogata, Y. Effects of reactive oxygen species (ROS) on antioxidant
system and osteoblastic differentiation in MC3T3-E1 cells. IUBMB Life 2007, 59, 27–33. [CrossRef] [PubMed]

27. Yan, X.T.; Lee, S.H.; Li, W.; Sun, Y.N.; Yang, S.Y.; Jang, H.D.; Kim, Y.H. Evaluation of the antioxidant and
anti-osteoporosis activities of chemical constituents of the fruits of prunus mume. Food Chem. 2014, 156,
408–415. [CrossRef] [PubMed]

28. Zhang, J.K.; Yang, L.; Meng, G.L.; Fan, J.; Chen, J.Z.; He, Q.Z.; Chen, S.; Fan, J.Z.; Luo, Z.J.; Liu, J. Protective
effect of tetrahydroxystilbene glucoside against hydrogen peroxide-induced dysfunction and oxidative stress
in osteoblastic MC3T3-E1 cells. Eur. J. Pharmacol. 2012, 689, 31–37. [CrossRef] [PubMed]

29. Choi, E.M.; Kim, G.H.; Lee, Y.S. Protective effects of dehydrocostus lactone against hydrogen
peroxide-induced dysfunction and oxidative stress in osteoblastic MC3T3-E1 cells. Toxicol. In Vitro 2009, 23,
862–867. [CrossRef] [PubMed]

30. Wang, Y.; Wang, W.L.; Xie, W.L.; Li, L.Z.; Sun, J.; Sun, W.J.; Gong, H.Y. Puerarin stimulates proliferation
and differentiation and protects against cell death in human osteoblastic MG-63 cells via ER-dependent
MEK/ERK and PI3K/Akt activation. Phytomedicine 2013, 20, 787–796. [CrossRef] [PubMed]

31. Kansanen, E.; Kuosmanen, S.M.; Leinonen, H.; Levonen, A.L. The keap1-Nrf2 pathway: Mechanisms of
activation and dysregulation in cancer. Redox Biol. 2013, 1, 45–49. [CrossRef] [PubMed]

32. Huang, Y.; He, L.; Liu, W.; Fan, C.; Zheng, W.; Wong, Y.-S.; Chen, T. Selective cellular uptake and induction of
apoptosis of cancer-targeted selenium nanoparticles. Biomaterials 2013, 34, 7106–7116. [CrossRef] [PubMed]

33. Yang, F.; Tang, Q.; Zhong, X.; Bai, Y.; Chen, T.; Zhang, Y.; Li, Y.; Zheng, W. Surface decoration by
spirulina polysaccharide enhances the cellular uptake and anticancer efficacy of selenium nanoparticles.
Int. J. Nanomed. 2012, 7, 835–844.

34. Yong, K.-T.; Wang, Y.; Roy, I.; Rui, H.; Swihart, M.T.; Law, W.-C.; Kwak, S.K.; Ye, L.; Liu, J.; Mahajan, S.D.
Preparation of quantum dot/drug nanoparticle formulations for traceable targeted delivery and therapy.
Theranostics 2012, 2, 681–694. [CrossRef] [PubMed]

35. Wang, F.; Zhang, D.; Zhang, Q.; Chen, Y.; Zheng, D.; Hao, L.; Duan, C.; Jia, L.; Liu, G.; Liu, Y. Synergistic
effect of folate-mediated targeting and verapamil-mediated P-gp inhibition with paclitaxel-polymer micelles
to overcome multi-drug resistance. Biomaterials 2011, 32, 9444–9456. [CrossRef] [PubMed]

36. Zhang, Y.; Li, X.; Huang, Z.; Zheng, W.; Fan, C.; Chen, T. Enhancement of cell permeabilization
apoptosis-inducing activity of selenium nanoparticles by atp surface decoration. Nanomedicine 2013, 9,
74–84. [CrossRef] [PubMed]

37. Fan, C.; Chen, J.; Wang, Y.; Wong, Y.S.; Zhang, Y.; Zheng, W.; Cao, W.; Chen, T. Selenocystine potentiates
cancer cell apoptosis induced by 5-fluorouracil by triggering reactive oxygen species-mediated DNA damage
and inactivation of the erk pathway. Free Radic. Biol. Med. 2013, 65, 305–316. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0009996
http://www.ncbi.nlm.nih.gov/pubmed/20368806
http://dx.doi.org/10.1080/15216540601156188
http://www.ncbi.nlm.nih.gov/pubmed/17365177
http://dx.doi.org/10.1016/j.foodchem.2014.01.078
http://www.ncbi.nlm.nih.gov/pubmed/24629988
http://dx.doi.org/10.1016/j.ejphar.2012.05.045
http://www.ncbi.nlm.nih.gov/pubmed/22683865
http://dx.doi.org/10.1016/j.tiv.2009.05.005
http://www.ncbi.nlm.nih.gov/pubmed/19457452
http://dx.doi.org/10.1016/j.phymed.2013.03.005
http://www.ncbi.nlm.nih.gov/pubmed/23639192
http://dx.doi.org/10.1016/j.redox.2012.10.001
http://www.ncbi.nlm.nih.gov/pubmed/24024136
http://dx.doi.org/10.1016/j.biomaterials.2013.04.067
http://www.ncbi.nlm.nih.gov/pubmed/23800743
http://dx.doi.org/10.7150/thno.3692
http://www.ncbi.nlm.nih.gov/pubmed/22896770
http://dx.doi.org/10.1016/j.biomaterials.2011.08.041
http://www.ncbi.nlm.nih.gov/pubmed/21903258
http://dx.doi.org/10.1016/j.nano.2012.04.002
http://www.ncbi.nlm.nih.gov/pubmed/22542821
http://dx.doi.org/10.1016/j.freeradbiomed.2013.07.002
http://www.ncbi.nlm.nih.gov/pubmed/23837948
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction
	Results and Discussion
	Ru Complexes Inhibit HCC Cell Growth, Migration, and Invasion
	Cell Apoptosis Activation by Ru Complexes
	Ru Complexes Induce Reactive Oxygen Species (ROS) Overproduction via Nrf2 Pathway Regulation
	In Vivo Anticancer Activities of Ru2

	Materials and Methods
	Reagents, Cell Lines, and Cell Cultures
	Cell Viability Assessment via MTT Assay
	Cell Migration and Invasion
	Flow Cytometric Analysis
	Apoptotic DNA Fragmentation Assessment via TUNEL Staining Assays
	Caspase Activation by Ru Complexes
	Western Blotting
	ROS Generation Assessment
	Immunofluorescence Analysis of Protein Expression in Cells
	Tumor Xenograft in Nude Mice
	Statistical Analysis

	Conclusions

