Journal of Inorganic Biochemistry 191 (2019) 126-134

journal homepage: www.elsevier.com/locate/jinorgbio W

Contents lists available at ScienceDirect

Journal of Inorganic Biochemistry S e

“JouRnAL OF

Inorganic
Biochemistry

V3 e
L
C'\\O;Z@ 75

A ruthenium(II) complex containing a p-cresol group induces apoptosis in
human cervical carcinoma cells through endoplasmic reticulum stress and

reactive oxygen species production

Check for
updates

Li Xu™*, Pei-Pei Zhang®, Xiao-Qiang Fang®, Yan Liu”, Jin-Quan Wang", Hui-Zhuo Zhou?,

Shu-Ting Chen®, Hui Chao®*

#School of Chemistry and Chemical Engineering, Guangdong Pharmaceutical University, Zhongshan, 528458, PR China
® School of Bioscience and Biopharmaceutics, Guangdong Province Key Laboratory for Biotechnology Drug Candidates, Guangdong Pharmaceutical University, Guangzhou,

510006, PR China

€ MOE Key Laboratory of Bioinorganic and Synthetic Chemistry, School of Chemistry and Chemical Engineering, Sun Yat-Sen University, Guangzhou 510275, PR China

ARTICLE INFO ABSTRACT

Keywords: The chemical structures of Ru (II) complexes are known to affect their cellular behavior and toxicity. In this
Ruthenium (II) complexes study, three new luminescent Ru (II) complexes, [Ru(bpy).(HIPMP)](ClO4)> (Rul, bpy = 2,2’-bipyridine,
Apoptosis HIPMP = 2-(1H-imidazo-[4,5-f] [1,10] phenanthrolin-2-yl)-4-methylphenol), [Ru(phen),(HIPMP)](ClO,),
Cytotoxicity

(Ru2, phen = 1,10-phenanthroline), [Ru(dmb),(HIPMP)](ClO4), (Ru3, dmb = 4,4’-dimethyl-2,2"-bipyridine),
were synthesized, and their anticancer activities were examined. All three complexes displayed anticancer ac-
tivities against various cancer cells, with Ru2 exhibiting the highest cytotoxic activities. Ru2 was shown to
accumulate specifically in the endoplasmic reticulum (ER) and induce ER stress-mediated apoptosis. In addition,
Ru2 could generate reactive oxygen species (ROS) and trigger mitochondrial membrane potential depolariza-
tion. These results demonstrated that Ru2 induced apoptosis in HeLa cells through ER stress and ROS produc-

Endoplasmic reticulum stress

tion.

1. Introduction

Based on their unique and versatile biochemical properties, ruthe-
nium-based complexes have been regarded as promising anticancer
agents for alternative drugs to cisplatin and its derivatives [1]. The first
two approved Ru(Ill) complexes, namely, NAMI-A(H,Im)[trans-
RuCl4(DMSO)(HIm)], where HIm = 1H-imidazole and DMSO = di-
methylsulfoxide) [2] and KP1019 (H,Ind)[trans-RuCl4(HInd),], where
Hind = 1H-indazole) [3], have successfully been used in clinical stu-
dies. Recently, many ruthenium (II) complexes with potent therapeutic
properties have been designed and developed as anticancer drugs, in-
cluding inorganic Ru (II), organometallic Ru (II) and nanomaterial Ru
(II) complexes [4-7]. Furthermore, several mechanisms have been ap-
plied to elucidate the anticancer activities of Ru (II) complexes de-
pending on their intracellular targets, which include nucleic acids [8],
proteins [9,10], and cell organelles [11,12]. A different pathway of cell
apoptosis involving endoplasmic reticulum (ER) stress induced by metal
complexes, such as ruthenium- [13,14], iridium- [15-17], platinum-
[18,19] and lanthanide-based complexes [20] has been reported.

* Corresponding authors.

The ER is a cytoplasmic organelle for the folding and trafficking of
secretory and membrane proteins [21] as well as intracellular calcium
storage, making it very important in cellular signal-transducing [22]
and extremely sensitive to alterations in homeostasis and to a number
of biochemical and physiological stimuli. The perturbation of ER
functions leads to ER stress, such as the accumulation of unfolded or
misfolded proteins [23] and the failure of the ER to cope with an ex-
cessive protein load. ER stress causes an imbalance between ER protein
folding load and capacity. Severe ER stress can activate intrinsic
apoptosis, resulting in cell death. Certain cancer cells, including mul-
tiple myelomacells, possessing high ER activity are especially sensitive
to ER stress-mediated cell death [24]. Thus, the development of antic-
ancer drugs that affect ER stress-mediated apoptosis pathways could be
an effective therapeutic strategy [25].

ROS are thought to play important roles in the induction of apop-
tosis by Ru (II) complexes in cancer cells [26-28]. ROS have been
proven to cause cellular damage, such as damaging lipids, proteins and
DNA in early stages of apoptosis [29]. Additionally, ROS trigger the
depolarization of the mitochondrial membrane and induce
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mitochondrial dysfunction [30].

In this study, we synthesized and characterized three new Ru(II)
complexes [Ru(N—N),(HIPMP)](ClO4), (N-N = 2,2’-bipyridine (bpy,
Rul), 1,10-phenanthroline (phen, Ru2), and 4,4’-dimethyl-2,2’-bipyr-
idine (dmb, Ru3). Ru2 showed higher cytotoxicity than Rul and Ru3.
Further investigations indicated that Ru2 can induce ER stress and
ROS-mediated mitochondrial dysfunction in the apoptotic signaling
pathway, indicating that Ru2 has the potential to serve as an emerging
chemotherapeutic agent for cancer therapy.

2. Experimental section
2.1. Materials

All reagents and solvents were purchased commercially and used
without further purification unless specifically noted. Cisplatin, propi-
dium iodide (PI), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetra-
zoliumbromide (MTT), dimethyl sulfoxide(DMSO), RuCl;xH,0, 2,2’-
bipyridine (bpy), 1,10-phenanthroline, 4,4’-dimethyl-2,2’-bipyridine
and 2-hydroxy-5-methylbenzaldehyde were obtained from Sigma
Aldrich. Lyso Tracker Green DND-26 (LTG), MitoTracker Green FM
(MTG), ER-Tracker™ Green, and 5,5’,6,6’-tetrachloro-1,1’,3,3'-tetra-
ethylbenzimidazolylcarbocyanine iodide (JC-1) were obtained from
Life Technologies (USA). Stock solutions of cisplatin (10 mM) and ru-
thenium (II) complexes (1 mM) were prepared in DMSO and were stable
for at least 48h at room temperature, as monitored by UV-visible
spectroscopy. Doubly distilled water was used in all experiments.

2.2. Physical measurements

Microanalysis (C, H, and N) was performed by a Perkin-Elmer 240Q
elemental analyzer. Fast atom bombardment (FAB) mass spectra were
recorded on a VG ZAB-HS spectrometer in a 3-nitrobenzylalcohol ma-
trix. Electrospray ionization mass spectrometry (ES-MS) was carried out
on an LCQ system (Finnigan MAT, USA) using methanol as the mobile
phase. The spray voltage, tube lens offset, capillary voltage and capil-
lary temperature were set at 4.50kV, 30.00V, 23.00 V and 200 °C, re-
spectively, and the quoted m/z values are for the major peaks in the
isotope distribution. 'HNMR spectra were acquired at room tempera-
ture on a Bruker AVANCE AV 400 NMR spectrometer with DMSO-dg as
the solvent and tetramethylsilane (TMS) as an internal standard.

2.2.1. Synthesis of the ligand and complexes

2.2.1.1. Synthesis of 2-(1H-imidazo-[4,5-f][1,10] phenanthrolin-2-yl)-4-
methylphenol ~ (HIPMP). 2-Hydroxy-5-methylbenzaldehyde (0.20g,
1.5mmol), 1,10-phenanthroline-5,6-dione (0.32g, 1.5mmol) [31],
and ammonium acetate (2.31g, 30 mmol) were placed in a round-
bottom flask, dissolved in 30 mL of glacial acetic acid, and refluxed for
4 h. After cooling, precipitate was obtained upon dropwise addition of
concentrated aqueous ammonia. The precipitate was purified by
column chromatography on a silica gel column (60-100 mesh) with
ethanol as the eluent. Yield: 0.39 g, 80%. Anal.Calcd for CyoH;4N4O: C,
73.61; H, 4.32; N, 17.17. Found: C, 73.29; H, 4.64; N, 17.39%. FAB-MS:
m/z = 327(M + 1).

2.2.1.2. Synthesis of [Ru(bpy).(HIPMP)](ClO4), (Rul). A mixture
containing cis-[Ru(bpy)>Cl,]2H>O (0.26g, 0.5mmol) [32] and
HIPMP (0.16g, 0.5mmol) in ethanol (60 cm®) was heated to reflux
under argon for 8h to give a clear red solution. Upon cooling, a
saturated aqueous NaClO,4 solution was added. The red precipitate was
filtered, washed with water and diethyl ether, and dried in vacuo. The
crude product was purified by column chromatography on neutral
alumina eluted with methyl cyanide (MeCN)-ethanol (10:1, v/v). The
red band was collected, the solvent was evaporated until it was dry
under reduced pressure, and then, red powder was obtained. Yield:
0.33 g, 70%. Anal. Calcd for C4oH3oNgCloOgRu: C, 51.18; H, 3.22; N,
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11.94%; Found: C, 50.78; H, 3.34; N, 12.08%. ES-MS [CH5CN, m/z]:
739.2 ([M-2Cl04~H1"), 370.1 ([M-2Cl04]*>%). 'HNMR (400 MHz,
DMSO-dg): § 13.02 (s, 1H), 10.82 (s, 1H), 9.08 (d, 2H, J = 8.5Hz),
8.88 (d, 2H, J=9.0Hz), 8.84 (d, 2H, J = 8.0Hz), 8.22 (d, 2H,
J = 8.2Hz), 8.12 (d, 2H, J = 7.8 Hz), 8.09 (d, 2H, J = 6.5 Hz), 7.98
(d, 2H, J = 7.6 Hz), 7.87 (t, 3H, J = 6.5Hz), 7.61 (d, 2H, J = 8.0 Hz),
7.59 (d, 2H, J=7.6Hz), 7.36 (t, 2H, J= 6.5Hz), 7.16 (d, 1H,
J =7.6Hz), 6.93 (d, 1H, J = 7.6 Hz), 2.48 (s, 3H).

2.2.1.3. Synthesis of [Ru(phen),(HIPMP)](ClO4), (Ru2). This complex
was obtained according to an identical method as described for Rul by
using cis-[Ru(phen),Cl,]-2H,0 [32] in place of cis-[Ru(bpy),Cl,]-2H,0.
Yield: 0.32 g, 65%. Anal. Calcd for C44H3oNgCl,O9Ru: C, 53.56; H, 3.06;
N, 11.36%; Found: C, 53.23; H, 3.24; N, 11.69%. ES-MS [CH3CN, m/z]:
787.2 ([M-2ClO4-H]*"), 394.1 ([M—2ClO4]2+). 'HNMR (400 MHz,
DMSO-dg): § 9.18 (d, 1H, J = 8.5 Hz), 9.03 (d, 1H, J = 8.0 Hz), 8.76
(m, 4H), 8.39 (d, 4H, J = 7.6 Hz), 8.12 (m, 6H), 7.84 (m, 2H), 7.76 (m,
4H), 7.66 (m, 1H), 7.39 (dd, 1H, J="7.8, 8.0Hz), 7.12 (d, 1H,
J = 8.2Hz), 7.04 (s, 1H), 6.85 (d, 1H, J = 8.0 Hz), 2.53 (s, 3H).

2.2.1.4. Synthesis of [Ru(dmb),(HIPMP)](ClO4), (Ru3). This complex
was prepared in a manner identical to that described for Rul by using
cis-[Ru(dmb),Cl,]-2H,0 [32] in place of cis-[Ru(bpy)»Cl»]-2H,0. Yield:
0.34 g, 68%. C44H3gNgCl,09Ru: C, 53.12; H, 3.85; N, 11.26%; Found: C,
53.52; H, 3.51; N, 11.01%. ES-MS [CHsCN, m/z]: 795.2
([M-2Cl04-H]"), 398.1 ([M-2ClO,]?"). 'HNMR (400 MHz,
DMSO-de): 6 9.18 (d, 1H, J = 7.6 Hz), 9.02 (d, 1H, J = 7.6 Hz), 8.94
(d, 1H, J = 8.0 Hz), 8.72 (d, 1H, J = 7.6 Hz), 8.68 (d, 1H, J = 7.6 Hz),
8.19 (m, 1H), 8.12 (d, 1H, J = 6.5Hz), 8.04 (d, 1H, J = 8.0Hz), 7.96
(m, 1H), 7.86 (d, 2H, J = 8.0 Hz), 7.76 (dd, 2H, J = 7.6, 7.8 Hz), 7.68
(d, 2H, J = 8.0Hz), 7.64 (d, 1H, J = 8.5Hz), 7.39 (m, 2H), 7.15 (d, 2H,
J = 8.0Hz),7.10 (d, 1H, J = 8.5Hz), 7.01 (d, 1H, J = 7.6 Hz), 6.83 (d,
1H, J = 7.6 Hz), 2.61 (s, 12H), 2.50 (s, 3H).

2.2.2. Cell lines and cell culture

The hepatocellular carcinoma cell line HepG2, the cervical carci-
noma cell line HeLa, the nasopharyngeal carcinoma cell line CNE-1 and
the human lung carcinoma cell line A549 were obtained from the
Experimental Animal Center of Sun Yat-Sen University (Guangzhou,
China). LO2 normal hepatic cells were obtained from the cell bank of
the Cell Institute of Sinica Academia Shanghai (Shanghai, China). All
cell lines were incubated in 25 cm? culture flasks in either Roswell Park
Memorial Institute 1640 (RPMI-1640, Invitrogen, Carlsbad, CA) or
Dulbecco's modified Eagle's medium (DMEM, Gibco, Gaithersburg, MD)
containing 10% fetal bovine serum (FBS), 100 units mL ™~ ! penicillin and
50 units mL ™! streptomycin at 37 °C in a humidified atmosphere with
5% CO,. The cells were cultured until they reached the logarithmic
growth phase unless otherwise specified.

2.2.3. Cytotoxicity assay in vitro

Cell cytotoxicity upon treatment with Ru (II) complexes was eval-
uated using the MTT assay [33]. Cells were cultured in 96-well mi-
croassay culture plates (2 x 10* cells per well) and incubated in 5%
CO, at 37 °C overnight. The cells were treated with the tested com-
plexes, control wells were prepared by the addition of culture medium
(100 uL), and cisplatin was included as a positive control agent. The
plates were incubated at 37 °C in a 5% CO, incubator for 48 h. After
incubation, MTT solution (MTT working solution, 5mgmL~' phos-
phate-buffered saline, 20 uL/well) was added, and the cells were in-
cubated for 4h. Then, the medium was removed, and 150 pL/well of
isopropanol was added to dissolve the formazan. The absorbance
(A = 570 nm) was measured on a microplate reader. The ICs, value was
determined by the plots of viability versus the dose used to treat the
cells. Error bars were calculated as the standard error of three in-
dependent experiments.
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Scheme 1. Chemical structures of ruthenium (II) complexes Rul, Ru2 and Ru3.

2.2.4. Cellular localization analysis

HeLa cells were plated on a 35 mm cell culture dish (Corning) at a
density of 2 x 10* cells per dish. After incubation for one day at 37 °C
under 5% CO,, the cells were washed with phosphate-buffered saline
(PBS) and then treated with or without 20.0 uM Ru2 in PBS (pH = 7.4)
for 1h at 37 °C. After washing the cells with PBS buffer three times to
remove the remaining Ru2, the HeLa cells were further incubated with
ER-Tracker™ (1 uM), LysoTracker® (100nM), MitoTracker® (50nM)
and 4’,6-diamino-2-phenylindole (DAPI) (5pug mL™Y) for 30 min. The
cells were carefully washed three times with PBS buffer and then ob-
served under an inverted fluorescence microscope (Olympus IX71) or a
confocal microscope (Zeiss LSM 710 NLO, 63 X /NA 1.4 oil immersion
objective).

2.2.5. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Analysis

The ruthenium content in different subcellular compartments was
measured using an Agilent ICP-MS, as described in our previous report
[27]. HeLa cells were plated into 100 mm tissue culture plates (Costar)
and Ru2 (final concentration 10.0 uM) was added to the culture
medium for 24 h. The cytoplasmic and nuclear fractions were separated
using a nucleus extraction Kit (Pierce, Thermo) following the manu-
facturer's protocol. The mitochondrial fractions were extracted using a
mitochondrial extraction Kit (Pierce, Thermo). The results were re-
ported as picograms of ruthenium per cell. The data were reported as
the mean =+ standard deviation (n = 3).

2.2.6. Annexin V/PI double staining

HeLa cells (1 x 10°) were plated in each well of a 6-well plate and
treated with Ru2 at different concentrations (10, 20, 40 uM) for 24 h.
Cells were trypsinized, washed twice with ice-cold PBS and then stained
with 5 pL of Alexa Fluor 488 annexin V stock (Invitrogen, Paisley, UK)
and 1L of PI (1 mgmL™!, Sigma, USA) in 100 uL of binding buffer
(50mmolL.~!  HEPES/NaOH, pH7.4, 700mmolL™!  NaCl,
12.5mmol L™ CaCl,) for 15min at room temperature in the dark.
Another 400 pL of binding buffer was added, and the apoptotic cells
were evaluated by flow cytometry on a FACSCanto II (BD Biosciences,
USA).

2.2.7. Transient transfection of siRNA

RNA interference was used to silence CHOP gene expression.
Specific and non-specific control siRNAs (Geneseed Biotech Ltd., China)
were transfected into cells using Lipofectamine™ 2000 (Invitrogen,
USA) according to the manufacture's protocol. The sequence of the
siRNA for CHOP was: sense, 5’GGCUCAAGCAGGAAAUCGA; antisense,
5'UCGAUUUCCUGCUUGAGCC. The irrelevant scrambled RNA served
as a control.

In briefly, each siRNA and Lipofectamine™ 2000 was respectively
diluted in the appropriate amount of medium (Invitrogen, USA)
without serum. After 5min incubation, the diluted siRNA was
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combined with the diluted Lipofectamine™ 2000 and incubated for
20 min at room temperature. The siRNA-Lipofectamine™ 2000 com-
plexes were added to each well containing cells at 40-60% confluency
and cells were incubated at 37 °C in a CO,, incubator for 24 h. Then cells
were incubated at 37 °C for a further 48 h subjected to Ru2 at indicated
concentrations. The cells were then collected for verification of CHOP
knockdown by real-time polymerase chain reaction (RT-PCR) (S1) and
western blot, and for analyses of cell viability.

2.2.8. Western-blot analysis

After treatment with 10, 20 and 40 uM Ru2, exponentially growing
HeLa cells were washed with ice-cold PBS twice and lysed in radio-
immunoprecipitation assay (RIPA) buffer (150 mM NaCl, 1% NP-40,
0.1% sodium dodecyl sulfate (SDS), 1mM phenylmethanesulfonyl
fluoride (PMSF), 0.5% sodium deoxycholate, 2mgmL~' aprotinin,
100 mM leupeptin, and 50mM tris(thydroxymethyl)aminomethane
(Tris)-HCL, pH 8.0) to extract the total cellular proteins. Equal amounts
of proteins (20-50 ug) were fractionated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred onto polyvinylidene
difluoride (PVDF) membranes (Millipore, MA, USA). The membranes
were blocked with 5% nonfat dried milk in TBST buffer (50 mM Tris,
150 mM NaCl and 0.1% Tween-20, pH 7.6) and then hybridized with
the respective primary antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA) overnight. Further incubation with the appropriate horse-
radish peroxidase-conjugated secondary antibodies was performed. The
protein expression levels were visualized using an enhanced chemilu-
minescence (ECL) detection kit (Pierce Biotechnology, Rockford, IL).

2.2.9. ROS measurement

HeLa cells were incubated with Ru2 or H,0O, at different con-
centrations for 12 h, and untreated cells were used as a control. Then,
the cells were treated with 10 uM 2,7-dichlorodihydrofluorescein dia-
cetate (DCFH-DA) for 30 min at 37 °C. The cells were washed twice with
PBS, followed by examination of the intracellular ROS levels through
flow cytometry (FACSCanto II, BD Biosciences, USA) and a microplate
analyzer (Infinite M200, Tecan, Mannedorf, Switzerland). N-acet-
yleysteine (NAC;10 mM) was applied 1 h before the treatment with Ru2
or H,0, and was kept in the medium during treatment until the cells

Table 1

The ICs, values of tested complexes toward different cell lines.
Complex ICsy (UM)

HeLa HepG2 A-549 CNE-1 LO2

Rul 29.3 = 34 324 *+ 36 365 * 3.4 388 * 5.6 128 + 3.6
Ru2 18.1 + 2.8 282 +£ 52 298 + 42 31.2 + 3.6 100.6 = 0.4
Ru3 39.8 £ 41 421 * 46 468 =56 485 = 5.7 1358 * 6.2
Cisplatin  20.8 = 3.2 31.2 = 28 285 = 42 305 *= 2.6 14.3 + 0.2
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were analyzed. Data acquisition and analysis of the flow cytometry data
were performed using FlowJo software.

2.2.10. Mitochondrial membrane potential assay

A quantity of 1.5 X 10* HeLa cells was seeded in six-well plates.
Ru2 at various concentrations (10, 20 and 40 uM) were added to the
cells for 12h. A control well was kept without treatment with any
complex. Cells were then washed twice with PBS (pH7.4) and in-
cubated with 5mgmL ™! JC-1 dye at 37 °C for 30 min. The stained cells
were observed and analyzed using an inverted fluorescence microscope.

2.3. Statistical analysis

All biological experiments were carried out at least twice with tri-
plicates in each experiment, and representative results were depicted in
this report and data were presented as the means *+ standard devia-
tions.

3. Results and discussion
3.1. Synthesis and characterization

The structures of Rul, Ru2 and Ru3 are illustrated in Scheme 1.
The ligand HIPMP was obtained in good yield by reacting 1,10-phe-
nanthroline-5,6-dione with 2-hydroxy-5-methylbenzaldehyde by re-
fluxing glacial acetic acid containing ammonium acetate at a molar
ratio of 1:1. HIPMP was used as the starting material in a reaction with
the appropriate molar ratios of the precursor complexes in ethanol,
resulting in relatively high yields for Rul-Ru3. The desired Ru(II)
complexes were purified using column chromatography on neutral
alumina and characterized via 'H NMR spectroscopy, elemental ana-
lysis, and ES-MS (Fig. S1-S6).

3.2. Cytotoxicity assays in vitro

We evaluated the in vitro cytotoxic activities of Rul, Ru2 and Ru3
on four selected human cancer cell lines (HeLa, HepG2, A-549, CNE-1)

ER-Tracker ™

Mitotracker ®

Lysotracker ®
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and one normal cell line (L02) using the MTT method to determine
potential of these complexes as anticancer agents. Cisplatin was in-
cluded as a positive control. The above cell lines were incubated with
different concentrations of Rul, Ru2 and Ru3 for 48 h, and the ICsq
values for Rul, Ru2 and Ru3 against these cell lines are presented in
Table 1. The four compounds exhibited in vitro antiproliferative activity
in the following descending order: Ru2 > cisplatin > Rul > Ru3.
Notably, the ICsq values of Ru2 were lower than those of Rul and Ru3,
indicating that Ru2 had a higher cytotoxicity than Rul and Ru3. Based
on the results, we speculate that there is a good correlation between the
antitumor activity of the complex and its specific molecular structure.
Additionally, some reports have indicated that variation in the ancillary
ligands of the Ru(II) complexes may cause some difference in the bio-
logical activities of the complexes [34,35]. Rul-Ru3, especially Ru2,
exhibited potent toxicity against tumor cells and were less toxic to the
normal human liver cell line LO2 than cisplatin, suggesting that Ru2
showed high selectivity between tumor cells and normal cells. Ru2 had
the highest sensitivity to HeLa cells, thus, this cell line was selected to
investigate the anticancer activity and mechanism studies.

3.3. Subcellular distribution

We subsequently examined the subcellular localization of Ru2 by
fluorescence microscopy. HeLa cells were incubated with 20 uM Ru2
for only 30 min, resulting in a time-dependent increase in the Ru levels
in the cytoplasm. The cellular distribution of Ru2 was observed by
staining the organelles with specific fluorescent probes. As shown in
Fig. 1, a high degree of overlap, indicated by the yellow color, between
the signals for Ru2 (red) and ER-Tracker™ (green) was observed.
Meanwhile, little superimposition between lysosome-specific Lyso-
tracker® (green), mitochondria-specific Mitotracker® (green) and Ru2
was detected, respectively. We further performed confocal lumines-
cence imaging experiments to confirm the specific subcellular location
by using Ru2, ER-Tracker™ and DAPI dyes (Fig. 2) to co-label HeLa
cells. As shown in Fig. 2, the confocal images of Ru2 were almost
completely overlaid with those of the commercial ER dye ER-Tracker™.
The Pearson's colocalization coefficient of Ru2 with ER-Trackert was

Ru2 (20 M) Merged

. et

rd

Fig. 1. Cell localization fluorescence microscopic imaging of Ru2 with ER-Tracker™ (top), Mitotracker®(middle), and Lysotracker®(bottom). Ru2 was excited at

460 nm. ER-Tracker™, Mitotracker® and Lysotracker® were excited at 546 nm.
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Lane 1 Lane 2 Lane 3 Lane 4

Fig. 2. Confocal fluorescence images of living HeLa cells incubated with 20 uM of Ru2 in PBS (pH = 7.4) for 1h at 37 °C, followed by 1 pM ER-Tracker™ and
5ug mL~! of DAPI, respectively. Lane 1, confocal fluorescence images of Ru2; lane 2, confocal fluorescence images of ER-Tracker™; lane 3, confocal fluorescence
images of DAPI; lane 4, overlay of lane 1, lane 2 and lane 3.

s | A B
10° 3 10° 3
. ]
1073 10* =
] 1 0
o e 14.3%
10° E 10° E
0¥ 0 = '
3: EL R 2 18.3%
m LB AL BN RS R BN RN R AL B Bl Bl LB B! B S AL S AALL) e
E 0 103 104 105 0 102 103 104 105
] .
10° = C 10”3 D
10 3 10! 3
10° 10° E
2
102j 10° 3
0 () =
. e — 4 1"2,."6,"4[& R R
10° 0o 10° 10° 10* 10°

A e F
Annexin-}
Fig. 3. Ru2 induced apoptotic cell death as examined by the annexinV-FITC/PI assay. HeLa cells were treated with different concentrations of Ru2 for 24 h. (A)

Control, (B) in the presence of Ru2 (10 pM); (C) in the presence of Ru2 (20 uM); (D) in the presence of Ru2 (40 uM). The percentages of cells in each quadrant are
shown (Q2: late apoptotic or necrotic cells, Q3: viable cells, Q4: early apoptotic cells).

0.92, suggesting that Ru2 can selectively localize in the endoplasmic reticulum, Ru2 was used to further study the underlying anticancer
reticulum of living cells. These results indicated that the endoplasmic mechanisms.

reticulum may be the primary target of Ru2. In addition, the ICP-MS

experiments (Fig. S7) indicated that Ru2 predominantly accumulated 3.4. Apoptosis assays

in the cytoplasm and only a small proportion entered the nuclei within

24 h. These results indicated that Ru2 is not a nuclei-targeting Ru(II) The externalization of phosphatidylserine (PS) on the outer surface
complex. Because it showed the highest anticancer activity among the of the cell membrane is a characteristic feature of cells entering apop-
three complexes and accumulated primarily in the endoplasmic tosis and can be detected by the binding of fluorescently labeled
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Fig. 4. Western blot analysis of ER-stress related proteins after treatment of
HelLa cells with different concentrations of Ru2.

annexin V. Therefore, Alexa Fluor® 488 annexin V-PI double staining
and FACS analysis were used to detect phosphatidylserine ex-
ternalization [36,37]. As shown in Fig. 3, after 24h of 10 uM Ru2
treatment, 32.6% apoptotic cells could be detected, and with 20 pM
Ru2, 38.8% and 21.5% of cells were found in early and late apoptotic
stages, respectively. However, Ru2 (40 uM) resulted in total apoptosis
(early apoptotic + late apoptotic) in 88.2% of the cells. In comparison,
the control cells remained 99% viable. The results showed that Ru2
treatment of HeLa cells increased the number of early and late apop-
totic cells in a dose-dependent manner, leading to cell death of the HeLa
cells.

3.5. Western blot analysis

The stimulation of chemical drugs or the accumulation of misfolded
proteins can cause ER stress and activate a signaling network, including
apoptosis [38]. As Ru2 could selectively accumulate in the ER, we as-
sessed whether Ru2 could induce ER stress. The early initiating events
in ER stress is the phosphorylation of PKR-like ER kinase (PERK), which
can activate eukaryotic initiation factor 2a (elF2a). Next, phosphory-
lated elF2a can induce the expression of enhancer binding protein
homologous protein (CHOP), which has been described as a critical
mediator of ER stress-induced apoptosis [39]. After treatment for 24 h
with 10, 20 and 40 pM Ru2, which accumulated in the ER in a dose-
dependent manner, the expression levels of phosphorylated PERK (p-
PERK), elF2a, and CHOP dramatically increased (Fig. 4), indicating
that ER stress was induced.

To further determine the importance of CHOP induction in Ru2-
induced cytotoxicity, the functionally validated SiRNA directed against
CHOP was used. HeLa cells were transfected with the control SiRNA
(SiCt) or CHOP SiRNA (SiCHOP) and treated with Ru2 for 48 h with
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indicated concentrations. The SiRNA directed against CHOP sig-
nificantly suppressed the expression of CHOP, while the control SiIRNA
had slight effect (Fig. 5A and Fig. S8). In addition, knockdown of CHOP
resulted in significant attenuation of Ru2-induced cytotoxicity
(Fig. 5B). These results indicate that Ru2 exerts its toxicity through the
endoplasmic reticulum stress/CHOP pathway, and CHOP is a key factor
for Ru2-induced apoptosis.

Previuos studies have reported on caspase activation as one of the
mechanisms of apoptotic process [40,41]. Therefore, we examined the
effect of Ru2 on caspase activation. HeLa cells were treated with Ru2 in
a concentration dependent manner and cleavage of caspase-7 and poly
(ADP-ribose) polymerase (PARP) were detected by western blot ana-
lysis. As shown in Fig. S9, treatment with Ru2 suppressed the expres-
sion of uncleaved caspase-7 (34 kDa) and increased the expression of
cleaved caspase-7 (20 kDa) in a dose-dependent manner. Meanwhile, as
an irreversible hallmark of apoptosis, the level of uncleaved PARP
(116 kDa) was reduced, but the level of its active subunit (89 kDa) was
increased after Ru2 treatment, which indicates that HeLa cells have
completed the apoptosis process. These present studies show that Ru2
first induced ER stress, which led to apoptosis.

3.6. ROS study

In addition, intracellular ROS have been well documented to play a
crucial role in apoptosis [42]. Therefore, we analyzed the Ru2-induced
ROS generation by the ROS indicator DCFH-DA. DCFH-DA is oxidized
by ROS to generate green fluorescent 2/,7’-dichlorofluorescein (DCF)
[43]. Flow cytometry showed that Ru2 increased the ROS levels in a
dose-dependent manner (Fig. 6A). This clearly indicated that Ru2 ac-
tivated ROS generation and resulted in apoptotic cell death. To further
examine the role of ROS generation in ruthenium (II)-induced cyto-
toxicity, we used H,O, as a positive control and NAC as the ROS sca-
venger. The results showed that pretreatment of the cells with NAC
decreased both H,0, and Ru2-induced ROS generation, respectively
(Fig. 6B). In addition, the presence of NAC attenuated H,O»-induced
cytotoxicity and the cytotoxicity of Ru2 toward Hela cells (Fig. 6C).
Taken together, these results indicate that Ru2 can induce ROS, and
ROS plays roles in Ru2-induced apoptosis.

3.7. Induction of mitochondrial dysfunction

ROS generation is known to result in mitochondrial membrane de-
polarization and to cause mitochondrial dysfunction. Hence, we further
evaluated whether Ru2 induced mitochondrial dysfunction by mea-
suring the mitochondrial membrane potential using the lipophilic ca-
tionic molecular probe JC-1. JC-1 exhibits mitochondrial membrane
potential-dependent, indicated by a fluorescence emission shift from J-
aggregates with red fluorescence (~590 nm) to J-monomers with green
fluorescence (~529 nm) in accordance with the loss of mitochondrial
membrane potential. As shown in Fig. 7, JC-1 showed red fluorescence

Fig. 5. CHOP was essential for Ru2-induced
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Fig. 6. (A) DCFH-DA detection of ROS levels in HeLa cells treated with Ru2 at 10, 20 and 40 uM for 12 h using flow cytometric analysis. (B) The ROS level was
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Fig. 7. Fluorescence images of the JC-1 labeled HeLa cells treated with 10, 20 and 40 uM Ru2 for 12 h was observed on a fluorescence microscope to monitor changes

in the mitochondrial membrane potential.

(JC-1 aggregates) in the control. In contrast, Ru2 (10, 20 and 40 uM)
treatments caused a significantly shift in the color of JC-1 fluorescence
from red to green, indicating the induction of mitochondrial membrane
depolarization and mitochondrial dysfunction. Thus, Ru2 selectively
targets the ER and induces apoptosis by two pathways: ER stress and
mitochondrial dysfunction (Fig. 8).

4. Conclusions
Three new Ru(Il) complexes containing a p-cresol group were syn-

thesized and characterized. An in vitro cytotoxicity assay indicated that
these ruthenium (II) complexes exhibited potent cancer inhibitory
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effects against selected cancer cell lines. Interestingly, Ru2 showed
higher anticancer activity than Rul and Ru3. Subcellular distribution
studies showed that Ru2 localized preferentially in the endoplasmic
reticulum. The results of the western blot analysis demonstrated that
CHOP was activated in Ru2-treated HeLa cell. The silencing of CHOP
by RNA interference significantly reduced the cytotoxicity of Ru2.
Additionally, Ru2 increased the intracellular ROS levels and reduced
the mitochondrial membrane potential in a concentration-dependent
manner. Thus, Ru2 induced apoptosis through endoplasmic reticulum
stress and ROS-mediated mitochondria dysfunction pathways, in-
dicating that Ru2 could be a strong candidate for therapeutic applica-
tion in human cancers.
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Fig. 8. Proposed anticancer pathway by Ru2.
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