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ABSTRACT: Three novel Ru(II) complexes, namely,
(RuCl2[L

a][DMSO]2)·H2O (Ru1), (RuCl2[L
b][DMSO]2)

(Ru2), and (RuCl2[L
c][DMSO]2) (Ru3), which respectively

contain 3-(2′-benzimidazolyl)coumarin (La), 3-(2′-benzimida-
zolyl)-7-fluoro-coumarin (Lb), and 3-(2′-benzimidazolyl)-7-
methoxyl-coumarin (Lc), were first designed and characterized.
Ru2 showed potent antitumor activity against NCI-H460 cells
(IC50 = 0.30 ± 0.02 μM) and high selectivity between NCI-
H460 cancer cells and normal HL-7702 cells. Ru2 induced
NCI-H460 apoptosis via telomerase inhibition, which involved DNA damage, cell-cycle distribution, and S phase-protein down-
regulation. However, Ru1 did not demonstrate such effects in NCI-H460 cells, which is undoubtedly associated with the key
regulatory role of the 7-fluoro substituted group in the Lb ligand of Ru2. Ru2 exhibited considerably higher anticancer efficacy
(inhibition rate [IR] = 61.3%) compared with cisplatin (IR= 25.5%) in a NCI-H460 xenograft mouse model. Thus, this
coumarin Ru(II) compound is a promising Ru2-targeting telomerase anticancer agent.
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Ru(II) complexes exhibit high water solubility and low
general toxicity compared with cisplatin and its

derivatives, such as oxaliplatin and carboplatin.1−24 Many
Ru(II) compounds, such as NAMI-A,5−7 DW1/2,8,9 KP1019
and KP1339,3,10−13,20 RM175,11−16 RAPTA-T and RAPTA
complexes (Figure S1),2,17,18 ([Ru{phen}2]2tpphz),

4+,19 three
water-soluble chiral 4-(2,3-dihydroxypropyl)-formamide oxoa-
porphine Ru(II) complexes,21 Δ-/Λ-(Ru[phen]2[p-
MOPIP])2+, and Λ-/Δ-(Ru[phen]2[p-HPIP])2+ com-
plexes,22,23 display high antitumor activity. Thus, Ru(II/III)
compounds must be designed to understand in vitro and in
vivo apoptosis mechanisms.
Various coumarin derivatives and their metal complexes

exhibit a wide range of anti-HIV, antimicrobial, anticancer,
antiviral, and anti-Alzheimer activities.25−35 However, Ru(II)
complexes with 3-(2′-benzimidazolyl)coumarin derivatives
(BMC, FBMC, and MBMC) have not been reported, and
the detailed antitumor mechanisms of Ru(II) compounds
remain unexplored.
Thus, we first designed three novel Ru(II) complexes,

namely, (RuCl2[L
a][DMSO]2)·H2O (Ru1), (RuCl2[L

b]-

[DMSO]2) (Ru2), and (RuCl2[L
c][DMSO]2) (Ru3), which

contain 3-(2′-benzimidazolyl)coumarin (La), 3-(2′-benzimida-
zolyl)-7-fluoro-coumarin (Lb), and 3-(2′-benzimidazolyl)-7-
methoxyl-coumarin (Lc), respectively. Furthermore, we
proposed a possible in vitro and in vivo anticancer mechanism.

Three new coumarin derivatives, Ru(II) complexes Ru1−
Ru3, were first synthesized with 2-cyanomethylbenzimidazole
as the starting material (Scheme S1). The synthesized La−Lc

and Ru1−Ru3 were characterized via electrospray mass
spectrometry (ESI-MS), single-crystal X-ray diffraction, ele-
mental analysis, and infrared spectroscopy (Figures S1−S10).
As shown in Figures 1, S11, and S12, the Ru(II) ion in Ru1−
Ru3 adopted an octahedral environment. The solution
behavior of Ru1−Ru3 (2.0 × 10−5 M) in Tris-HCl buffer
(10 mM, pH = 7.35) was further studied by UV−vis
absorption spectra. As shown in Figure S13, the time-
dependent (0, 24, and 48 h) UV−vis spectra of Ru1−Ru3
(2.0 × 10−5 M) suggest that Ru1−Ru3 were stable in 10 mM
Tris-HCl buffer for 48 h at 37 °C.
The cytotoxicity of La−Lc, cis-RuCl2(DMSO)4, cisplatin, and

Ru1−Ru3 against human cancer cells (NCI-H460, T-24, SK-
OV-3, MGC80-3, and A549) and normal cells (HL-7702) was
investigated by MTT assays. As shown in Tables S10 and 1,
Ru1−Ru3 did not exhibit cytotoxicity in T-24, SK-OV-3,
MGC80-3, A549, and HL-7702 cell lines. The IC50 values
determined for Ru2 were lower (IC50 = 0.30 ± 0.02 μM) than
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those for La−Lc, cis-RuCl2(DMSO)4 (RuD), Ru1, Ru3, and
cisplatin and followed the order of Ru2 > Ru3 > cisplatin >
Ru1. Ru2 demonstrated remarkable antitumor activity against
NCI-H460 cells that was higher than or close to that in
previous reports.5−24,36,37 Therefore, NCI-H460 cells were
selected for further study on the cell death mechanism induced
by Ru2 (0.30 μM) and Ru1 (15.78 μM).
To explore the apoptosis mechanism of Ru2 (0.30 μM) and

Ru1 (15.78 μM), we performed an ICP-MS (cellular uptake)
study.36−38 Table S11 shows the incubation and treatment of
NCI-H460 cells with Ru2 (0.30 μM) and Ru1 (15.78 μM).
The concentration of Ru(II) inside these cancer cells and
nuclear fraction for Ru2 ([4.58 ± 0.11 nmol of Ru]/106 cells)
at 0.30 μM was more than that for Ru1 ([1.56 ± 0.14 nmol of
Ru]/106 cells), oxoaporphine Ru(II) complex ([3.81 ± 0.14
nmol Ru]/106 cells), and cisplatin ([2.08 ± 0.11 nmol Pt]/106

cells).21,37 C-myc, telomerase, and hTERT play a crucial role in
cancer cell growth or apoptosis.33,39−50 In the current study,
TRAP-silver staining33,39−41 assays showed that Ru2 (0.30
μM) exhibited more effective inhibition (53.60%, Figure 2)
toward telomerase activity compared with Ru1 (6.13%). As
expected, the level of c-myc/hTERT protein in NCI-H460
cells was reduced in Ru2 (0.30 μM) but was increased in Ru1
(15.78 μM) compared with the control. A possible mechanism
of Ru1 (15.78 μM) is the direct activation of the c-myc/
hTERT protein by c-myc before c-myc binds to E-box and
telomerase inhibitor, and such activation was not related to cell
apoptosis, which was consistent with the reports of Chen et

al.21,37 The telomerase inhibition of Ru2 (0.30 μM) may be
different from that of Ru1 (15.78 μM) in the NCI-H460 cells.
Telomerase inhibition by each drug/compound may lead to

cell cycle arrest at the S phase and DNA damage.42−44 As
shown in Figure S14, Ru2 (0.30 μM)-treated cells exhibited an
increased number of cells (46.98%) at the S phase compared
with the control (36.68%). This phenomenon remarkably
caused DNA damage (Figure 3), consequently increasing the
level of H2A.X and cleaved-PARP proteins and decreasing that
of cyclin A2 and CDK2 (Figure S15). By contrast, Ru1 (15.78
μM) demonstrated less effect on NCI-H460 cells.
Subsequently, we investigated whether Ru2 (0.30 μM) and

Ru1 (15.78 μM) could induce apoptosis and inhibit the
migration of NCI-H460 cells. Ru2 (0.30 μM, ca. 88.4%)
induced the apoptosis (Figure 4) of HeLa cells for 24 h to a
greater extent than oxoaporphine Ru(II) complexes (ca.
20.2%−54.7%)21,37 and Ru1 (15.78 μM, ca. 18.9%). Cell
migration was inhibited by Ru2 (0.30 μM) and Ru1 (15.78
μM) by ∼47.1% and 29.4% compared with the control cells,
respectively (Figure S16). Ru2 (0.30 μM) remarkably
inhibited NCI-H460 cancer cell migration compared with
Ru1 (15.78 μM).
Ru2, which showed the highest solubility in solvent (5% v/v

DMSO/saline), was used to preliminarily study its safety
(Figure S17), and ICR mice were treated with possible
maximal administration values (0.6 mL/20 g) by intra-

Figure 1. Crystal structures of Ru2.

Table 1. IC50 Values (μM) of Each Compound against Selected Human Cell Linesa

NCI-H460 T-24 SK-OV-3 MGC80-3 A549 HL-7702

La >100 >150 >150 >100 >100 >100
Ru1 15.78 ± 1.02 53.01 ± 1.26 65.02 ± 1.12 91.03 ± 1.01 41.36 ± 0.99 >100
Lb >100 >100 >100 >100 >100 >100
Ru2 0.30 ± 0.02 25.63 ± 1.44 35.69 ± 2.03 68.69 ± 1.15 20.14 ± 0.28 >100
Lc >100 >100 >100 >100 >100 >100
Ru3 10.04 ± 0.73 30.00 ± 1.09 46.25 ± 1.59 88.24 ± 1.79 34.39 ± 1.05 >100
RuD >100 >100 >100 >100 >100 >100
cisplatinb 13.25 ± 1.18 17.03 ± 0.57 15.09 ± 0.91 12.06 ± 1.18 12.36 ± 0.19 17.03 ± 1.06

aIC50 = mean ± SD (standard error of the mean, n = 5). These six human cancer and normal cells were treated with the ligands and each of the Ru
complexes for 48 h. bCisplatin (1.0 mM) was prepared in 0.154 M NaCl.

Figure 2. Ru2 (0.30 μM) and Ru1 (15.78 μM) inhibited telomerase
activity in NCI-H460 cells for 24 h. (A) Telomerase activity assay. (B
and C) Levels of c-myc/hTRET in Ru2 (0.30 μM)- and Ru1 (15.78
μM)-treated cells.
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peritoneal injection. No apparent body weight decrease (mstart
= 19.03 ± 0.67 g; mend = 21.33 ± 0.37 g) and injury condition
(Figures S17 and 5; Tables S12−S14) were observed for Ru2
(10.0 mg/kg every 2 days [q2z])-treated mice, demonstrating
the low systemic toxicity of coumarin Ru(II) compound. The
in vivo anticancer efficacy of Ru2 (10.0 mg/kg q2d) on NCI-
H460 cancer xenograft was analyzed. The NCI-H460 tumor
inhibition rate (IR) was 61.3% for Ru2 (Figure 5; Tables S12−
S14), showing a higher anticancer efficiency compared with
cisplatin (IR = 25.5%)37,46,47 and oxoaporphine Ru(II)
complex (IR = 53.3%).21,37

In conclusion, we first designed the three novel Ru(II)
complexes , namely , Ru1−Ru3 containing 3-(2 ′ -
benzimidazolyl)coumarin derivatives. The most active com-
pound, Ru2, showed higher cytotoxic potency against NCI-
H460 cells (IC50 = 0.30 ± 0.02 μM) compared with cisplatin
(13.25 ± 1.18 μM) and demonstrated high selectivity between
NCI-H460 cancer cells and HL-7702 normal cells. Further-
more, Ru2 accumulated preferentially in the nuclear fraction of
NCI-H460 cells and induced their apoptosis via telomerase
inhibition, DNA damage, and cell cycle distribution. The Ru2
exhibited evident priority on antitumor activity than Ru1,
which should be highly related to the key roles of the 7-fluoro
substituted group in Lb ligand of Ru2. An in vivo study
suggested that Ru2 exhibited higher anticancer efficacy (IR =
61.3%) compared with cisplatin (IR = 25.5%) in the NCI-
H460 xenograft. Therefore, this coumarin Ru(II) compound
may be a promising Ru2-targeting telomerase anticancer agent.
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■ ABBREVIATIONS
SD, standard deviation; RuD, cis-RuCl2(DMSO)4; ESI-MS,
electrospray mass spectrometry; MTT, 3-(4,5-dimethylthiazol-

Figure 3. Effects of Ru2 (0.30 μM) and Ru1 (15.78 μM) on the level
of H2A.X in NCI-H460 cells for 24 h. These cells were incubated with
anti-H2A.X (primary antibodies) and Alexa Fluor 488 Goat Anti-
Rabbit IgG (H+L, green, secondary antibody), stained with DAPI
(blue), and examined by immunofluorescence (LeicaTCS-SP5
confocal microscope, Germany, 200× magnification).

Figure 4. Apoptosis of NCI-H460 cells treated with (c) Ru2 (0.30
μM) and (b) Ru1 (15.78 μM) for 24 h compared with control (a).

Figure 5. In vivo anticancer activity of Ru2 in mice bearing NCI-
H460 xenograft. Images (B) and changes (A) of tumors or volumes
after intravenous injection.
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2-yl)-2,5-diphenyltetrazolium bromide; IR, tumor growth
inhibition rate
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