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Abstract A new ligand BTCP and its iridium(IIT) complex
[Ir(ppy),(BTCP)]PF, (Ir-1) were synthesized and charac-
terized by elemental analysis, ESI-MS, IR, 'H NMR and
13C NMR. The cytotoxic activity in vitro of the ligand and
its complex against SGC-7901, HeLa, HOS, PC-12, BEL-
7402, MG-63, SiHa, A549, HepG2 and normal cell LO2
were evaluated by MTT method [MTT = (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide)]. The apop-
tosis was assayed with AO/EB and Hoechst 33258 staining
methods. The reactive oxygen species (ROS), mitochon-
drial membrane potential, autophagy and cell invasion
were studied under fluorescent microscope. The expres-
sion of caspases and Bcl-2 family proteins were investi-
gated by western blot. The ICs;, values of complex toward
SGC-7901, BEL-7402 and MG-63 cells are 3.9 £+ 0.5,
54 £ 1.2 and 4.2 4+ 0.6 uM. The complex can increase the
levels of ROS, and induce a decrease in the mitochondrial
membrane potential. Ir-1 inhibits the cell growth at GO/G1
phase in SGC-7901 cells, and the complex can induce both
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autophagy and apoptosis and inhibit the cell invasion. And
the complex induces apoptosis through a ROS-mediated
mitochondrial dysfunction pathway.
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Introduction

Due to the uncontrolled cell proliferation, invasion of sur-
rounding and distant tissues aggressive metastasis [1],
cancer is generally considered as a group of complex and
multifaceted diseases [2]. Since the clinical success of cis-
platin, transition metal platinum drugs such as oxaliplatin,
cisplatin and carboplatin have been effectively utilized in
treating amount of cancer disease [3]. Accompanied with
the severe side effects of platinum-based drugs, a number
of research groups try to develop anti-proliferative prop-
erties of metal complexes other than platinum [4-8]. As
the rapid development of anticancer drugs, the therapeutic
value of metal-based drugs, such as ruthenium [9], osmium
[10], rhenium [11], as well as others, have long been
established [12]. On the contrast, the studies on anticancer
activity of iridium complexes have been paid less atten-
tion. However, in the recent years, organometallic ligands
iridium complexes are taken as an alternative to platinum-
based drugs owing to their higher antineoplastic activity,
less side effects, and photochemical activity and redox
properties [13—15]. As anticancer drugs, some of Ir(IIl)
complexes containing various peripheral ligands such as
half-sandwich [16-18], CO [19], carbine [20], metallo-
cenes [21], were designed to implement their cytotoxicity
through DNA, enzyme, or cytoplasmic-based mechanisms.
Chao and co-worker synthesized a series of polypyridyl
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iridium compounds, which exhibited high cytotoxic effects
on cancer cells [22]. Meanwhile, mitochondria as the main
target of cyclometalated iridium(III) complexes have been
proved [23-26]. As one of the major cell regulated cent-
ers, the important function of mitochondria lies in that the
mitochondria control the energy production in the living
cell and involved in many other cellular activities [27,
28]. To obtain more insight into the anticancer and fur-
ther understanding the anticancer mechanism of iridium
complex, in this article, a new cyclometalated iridium(III)
complex [Ir(ppy),(BTCP)]PF, [ppy = 2-phenylpyri-
dine, BTCP = 2-bicyclo[2.2.1]hept-5-en-yl-1H-1,3,7,8-
tetraazacyclopenta[/]phenanthrene, Ir-1, Scheme 1] was
designed and synthesized. The cytotoxicity in vitro was
evaluated by MTT method. The apoptosis, cellular uptake,
reactive oxygen species, mitochondrial membrane poten-
tial, cell cycle arrest, autophagy, cell invasion and expres-
sion of Bcl-2 family proteins were studied in detail. The
complex can induce autophagy and apoptosis through a
ROS-mediated mitochondrial dysfunction pathway.

Materials and methods

All reagents and solvents were purchased commercially
and used without further purification unless otherwise
noted. Ultrapure MilliQ water was used in all experiments.
DMSO, 5-norbornene-2-carboxaldehyde and RPMI 1640
were purchased from Sigma. 1,10-phenanthroline was
obtained from the Guangzhou Chemical Reagent Factory.
Cancer cell lines of SGC-7901 (human gastric adenocarci-
noma), HeLa (human cervical cancer), HOS (human osteo-
sarcoma), PC-12 (pheochromocytoma), BEL-7402 (human
hepatocellular carcinoma), MG-63 (human osteosarcoma),
SiHa (human cervical carcinone), A549 (human lung carci-
noma), HepG2 (human hepatocellular carcinoma) and nor-
mal cell LO2 (human liver cell) were purchased from the
American Type Culture Collection. IrCl;-3H,0 was pur-
chased from the Kunming Institution of Precious Metals.

OHC
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Scheme 1 The synthetic route of ligand and its complex Ir-1
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Microanalysis (C, H, and N) was carried out with a Per-
kin-Elmer 240Q elemental analyzer. Electrospray ionization
mass spectra (ESI-MS) were recorded on a LCQ system
(Finnigan MAT, USA) using acetonitrile as mobile phase.
The spray voltage, tube lens offset, capillary voltage and
capillary temperature were set at 4.50 kV, 30.00 V, 23.00 V
and 200 °C, respectively, and the quoted m/z values are for
the major peaks in the isotope distribution. '"H NMR and
13C NMR spectra were recorded on a Varian-500 spectrom-
eter with DMSO-d, as solvent and tetramethylsilane (TMS)
as an internal standard at 500 MHz at room temperature.

Synthesis of ligand BTCP

1,10-phenanthroline-5,6-dione (0.315 g, 1.5 mmol) [29],
5-norbornene-2-carboxaldehyde (0.183 g, 1.5 mmol),
ammonium acetate (2.31 g, 30 mmol), and glacial acetic
acid (20 cm®) was refluxed with stirring for 2 h. The cooled
solution was diluted with water and neutralized with con-
centrated aqueous ammonia. The brown precipitate was
collected and purified by column chromatography on sil-
ica gel (60-100 mesh) with ethanol as eluent to give the
compound as a brown powder. Yield: 83%. Anal. Calcd for
CyoH gN,: C, 76.90; H, 5.16; N, 17.94. Found: C, 76.70; H,
5.31; N, 17.86%. IR (KBr, cm™!): 2964.9, 1620.4, 1431.8,
1355.5, 1179.9, 1131.6, 1071.8, 1025.1, 807.8, 741.3,
720.6, 626.2. FAB-MS: m/z = 313 [M + 1].

Synthesis of complex [Ir(ppy),(BTCP)]PF, (Ir-1)

A mixture of cis-[Ir(ppy),Cl,], [30] (0.15 g, 0.14 mmol)
and BTCP (0.087 g, 0.28 mmol) in a mixture of 15 mL
chloroform and methanol (VCHCI;:VCH;COCH; = 2:1)
was refluxed under argon for 5 h to give a clear yellow
solution. Upon cooling, a yellow precipitate was obtained
by dropwise addition of saturated aqueous NH,PF solution
with stirring at room temperature for 2 h. The crude prod-
uct was purified by column chromatography on neutral alu-
mina with a mixture of CH,Cl,—acetone (1:3, v/v) as eluent.

Ir-1
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The yellow band was collected. The solvent was removed
under reduced pressure and a yellow powder was obtained.
Yield: 70%. Anal. Calc for C,,Hs,NyIrPF.: C, 52.60; H,
3.37; N, 8.77%. Found: C, 52.46; H, 3.48; N, 8.68%. IR
(KBr, cm™1): 3381.5, 3060.7, 2970.9, 1693.6, 1607.0,
1583.3, 1548.1, 1478.7, 1439.1, 1420.5, 1365.2, 1306.5,
1164.5, 759.6, 557.8. 'H NMR (DMSO-dy): § 13.94 (s,
1H), 9.10 (d, 2H, J = 8.0 Hz), 8.25 (d, 2H, J = 8.0 Hz),
8.12 (d, 2H, J = 6.0 Hz), 8.04 (d, 2H, J = 5.0 Hz),
795 (d, 2H, J = 8.0 Hz), 7.86 (t, 2H, J = 8.0 Hz),
747 (t, 2H, J = 5.5 Hz), 7.05 (t, 2H, J = 7.5 Hz), 6.96
(d, 2H, J = 6.0 Hz), 6.28 (d, 4H, J = 6.5 Hz), 5.80 (d,
1H, J = 5.5 Hz), 5.77 (d, 1H, J = 5.5 Hz), 3.80 (t, 1H,
J = 5.0 Hz), 3.54 (t, 1H, J = 4.5 Hz), 2.55 (s, 2H), 2.04
(d, 1H, J = 1.0 Hz), 1.84 (d, 2H, J = 5.5 Hz). '*C NMR:
(DMSO-d,, 125 MHz, ppm): 166.8, 149.1, 144.0, 138.6,
132.7, 131.2, 130.2, 125.0, 123.8, 122.3, 119.9, 68.7, 68.5,
56.7, 55.8, 46.8, 40.0, 32.1, 29.6, 29.5. ESI-MS (CH;CN):
mlz 813.2 (IM-PF¢]"). The stability of the complex was
investigated by UV-Vis spectra. The complex was dis-
solved in a minimum amount of DMSO (0.5% of the final
volume) and then diluted with PBS to a required concen-
tration. As shown in Fig. S1 (supporting information), no
obvious changes in absorbance are observed at 0 and 24 h.
The luminescence spectra of the complex is shown in Fig.
S2 (supporting information), the complex can emit lumi-
nescence in PBS solution at ambient temperature, with
a maximum appearing at 561 nm, and the luminescence
intensity increases with increasing the concentration of
Ir-1.

Cytotoxic activity evaluation in vitro

3-(4,5-Dimethylthiazole)-2,5-diphenyltetrazolium bromide
(MTT) assay procedures were used [31]. Cells were placed
in 96-well microassay culture plates (8 x 10° cells per
well) and grown overnight at 37 °C in a 5% CO, incubator.
The tested complexes were dissolved in DMSO and then
added to the wells to achieve final concentrations ranging
from 107 to 10~* M. Control wells were prepared by addi-
tion of culture medium (100 wL). The plates were incu-
bated at 37 °C in a 5% CO, incubator for 48 h. Upon com-
pletion of the incubation, stock MTT dye solution (20 pL,
5 mg/mL~") was added to each well. After 4 h, buffer (100
L) containing dimethylformamide (50%) and sodium
dodecyl sulfate (20%) was added to solubilize the MTT
formazan. The optical density of each well was measured
with a microplate spectrophotometer at a wavelength of
490 nm. The ICs, values were determined by the percent-
age of cell viability versus concentration on a logarithmic
graph and reading off the concentration at which 50% of
cells remain viable relative to the control. Each experiment
was repeated at least three times to obtain the mean values.

Apoptosis assay by AO/EB and Hoechst 33258 staining
methods

SGC-7901 cells were seeded onto chamber slides in six-
well plates at a density of 2 x 10° cells per well and incu-
bated for 24 h. The cells were cultured in RPMI (Roswell
Park Memorial Institute) 1640 supplemented with 10% of
fetal bovine serum (FBS) and incubated at 37 °C in 5%
CO,. The medium was removed and replaced with medium
(final DMSO concentration, 0.05% v/v) containing the
complex (3.13 and 6.25 uM) for 24 h. The medium was
removed again, and the cells were washed with ice-cold
phosphate buffer saline (PBS), and fixed with formalin
(4%, w/v). Cell nuclei were counterstained with acridine
orange (AO) and ethidium bromide (EB) (AO: 100 ug/mL,
EB: 100 pg/mL) or Hoechst 33258 for 10 min. The cells
were observed and imaged under a fluorescence micro-
scope (Nikon, Yokohama, Japan) with excitation at 350 nm
and emission at 460 nm.

DNA damage assay

DNA damage was investigated by means of comet assay.
BEL-7402 cells in culture medium were incubated with
3.13 and 6.25 uM of complex for 24 h at 37 °C. The cells
were harvested by a trypsinization process at 24 h. A total
of 100 pL of 0.5% normal agarose in PBS was dropped
gently onto a fully frosted microslide, covered immediately
with a coverslip, and then placed at 4 °C for 10 min. The
coverslip was removed after the gel had been set. A mixture
of 50 L of the cell suspension (200 cells/nL) mixed with
50 pL of 1% low melting agarose was preserved at 37 °C.
A total of 100 wL of this mixture was applied quickly on
top of the gel, coated over the microslide, covered immedi-
ately with a coverslip, and then placed at 4 °C for 10 min.
The coverslip was again removed after the gel had been set.
A third coating of 50 wL of 0.5% low melting agarose was
placed on the gel and allowed to place at 4 °C for 15 min.
After solidification of the agarose, the coverslips were
removed, and the slides were immersed in an ice-cold lysis
solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 90 mM
sodium sarcosinate, NaOH, pH 10, 1% Triton X-100 and
10% DMSO) and placed in a refrigerator at 4 °C for 2 h.
All of the above operations were performed under low
lighting conditions to avoid additional DNA damage. The
slides, after removal from the lysis solution, were placed
horizontally in an electrophoresis chamber. The reservoirs
were filled with an electrophoresis buffer (300 mM NaOH,
1.2 mM EDTA) until the slides were just immersed in it,
and the DNA was allowed to unwind for 30 min in elec-
trophoresis solution. Then the electrophoresis was carried
out at 25 V and 300 mA for 20 min. After electrophoresis,
the slides were removed, washed thrice in a neutralization
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buffer (400 mM Tris, HCI, pH 7.5). Cells were stained with
20 wL of EB (20 ug-mL’l) in the dark for 20 min. The
slides were washed in chilled distilled water for 10 min to
neutralize the excess alkali, air-dried and scored for comets
by fluorescent microscopy.

Cellular uptake

SGC-7901 cells were placed in 24-well microassay culture
plates (4 x 10* cells per well) and grown overnight at 37 °C
in a 5% CO, incubator. Different concentrations of Ir-1
were then added to the wells. The plates were incubated at
37 °C in a 5% CO, incubator for 24 h. Upon completion
of the incubation, the wells were washed three times with
PBS. After discarding the culture medium, the cells were
visualized by fluorescent microscopy.

Reactive oxygen species (ROS) detection

SGC-7901 cells were seeded into six-well plates (Costar,
Corning Corp, New York, USA) at a density of 2 x 10°
cells per well and incubated for 24 h. The cells were cul-
tured in RPMI 1640 supplemented with 10% of FBS and
incubated at 37 °C in 5% CO,. The medium was removed
and replaced with medium (final DMSO concentration,
0.05% v/v) containing different concentration of complex
for 24 h. The medium was removed again. The fluorescent
dye 2’,7-dichlorodihydrofluorescein diacetate (DCHF-DA,
10 wM) was added to the medium to cover the cells. The
treated cells were then washed with cold PBS-EDTA twice,
collected by trypsinization and centrifugation at 1500 rpm
for 5 min, the cell pellets were suspended in PBS-EDTA
and imaged under a fluorescent microscope. The DCF fluo-
rescent intensity was determined by flow cytometry.

Mitochondrial membrane potential assay

SGC-7901 cells were treated for 24 h with different con-
centration of the complex in 12-well plates and were then
washed three times with cold PBS. The cells were detached
with trypsin—EDTA solution. Collected cells were incubated
for 20 min with 1 pg/mL of JC-1 (5,5,6,6'-tetrachloro-
1,1’,3,3'-tetracthyl-imidacarbocyanine iodide) in culture
medium at 37 °C in the dark. Cells were immediately cen-
trifuged to remove the supernatant. Cell pellets were sus-
pended in PBS and imaged under fluorescence microscope.
The ratio of red/green fluorescence intensity was deter-
mined by flow cytometry.

Cell cycle arrest by flow cytometry

SGC-7901 cells were seeded into six-well plates (Costar,
Corning Corp, New York, USA) at a density of 2 x 10°
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cells per well and incubated for 24 h. The cells were cul-
tured in RPMI 1640 supplemented with 10% of FBS and
incubated at 37 °C in 5% CO,. The medium was removed
and replaced with medium (final DMSO concentration,
0.05% v/v) containing complex (6.25 wM). After incuba-
tion for 24 h, the cell layer was trypsinized and washed with
cold PBS and fixed with 70% ethanol. Twenty microlit-
ers of RNAse (0.2 mg/mL) and 20 pL of propidium iodide
(0.02 mg/mL) were added to the cell suspensions and they
were incubated at 37 °C for 30 min. Then the samples were
analyzed with a FACSCalibur flow cytometry. The number
of cells analyzed for each sample was 10,000 [32].

Autophagy induced by complex

SGC-7901 cells were seeded onto chamber slides in
12-well plates and incubated for 24 h. The cells were cul-
tured in RPMI 1640 supplemented with 10% of FBS and
incubated at 37 °C in 5% CO,. The medium was removed
and replaced with medium (final DMSO concentration,
0.05% v/v) containing different concentration of com-
plex for 24 h. The medium was removed again, and the
cells were washed with ice-cold PBS twice. Then the cells
were stained with MDC (monodansylcadaverine) solution
(50 uM) for 10 min and washed with PBS twice. The cells
were observed and imaged under fluorescence microscope.
The effect of the complexes on the expression of LC3 pro-
tein was assayed by western blot.

The effect of autophagy on cell viability

Cell viability was studied using the MTT method. Cells were
placed in 96-well microassay culture plates (8 x 10* cells per
well) and cultured overnight at 37 °C in a 5% CO, incubator.
The cells were pretreated with or without 3-methyladenine
(3-MA, 3 mM) for 3 h, followed by different concentration
of Ir-1 for 24 h. After incubation, cells were incubated with
MTT (0.5 mg/ml) for 4 h at 37 °C. Upon completion of the
incubation, 100 WL DMSO was added to solubilize the MTT
formazan. The optical density of each well was then meas-
ured with a microplate spectrophotometer at a wavelength
of 490 nm. The viability (%) of cell growth was calculated
by the formula: (A490 (treatment group)/A490 (control)) x 100, A490
(treatment group) 18 the mean OD value of cells treated with the
various ruthenium complexes and Aggy (conory 1S the mean
OD value of untreated cells. Each experiment was repeated
at least three times to obtain the mean values.

Matrigel invasion assay
The BD Matrigel invasion chamber was used to investigate

the cell invasion according to the manufacturer’s instruc-
tions. SGC-7901 cells (4 x 10* in serum free media and
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different concentration of the complex were seeded in the
top chamber of the two chamber Matrigel system. RPMI-
1640 (20% FBS) was added as chemo-attractant into the
lower chamber. Cells were allowed to invade for 24 h. After
incubation, non-invading cells were removed from the upper
surface and cells on the lower surface were fixed with 4%
paraformaldehyde and stained with 0.1% of crystal violet.
The membranes were photographed and the invading cells
were counted under a light microscope. The mean values
from three independent assays were calculated.

The expression of caspases and Bcl-2 family proteins

SGC-7901 cells were seeded in 3.5 cm dishes for 24 h
and incubated with 3.13 and 6.25 uM of the complex in
the presence of 10% FBS. The cells were harvested in lysis
buffer. After sonication, the samples were centrifuged for
20 min at 13,000g. The protein concentration of the super-
natant was determined by BCA (bicinchoninic acid) assay.
Sodium dodecyl sulfate—polyacrylamide gel electropho-
resis was done loading equal amount of proteins per lane.
Gels were then transferred to poly (vinylidene difluoride)
membranes (Millipore) and blocked with 5% non-fat milk
in TBST (20 mM Tris—HCI, 150 mM NaCl, 0.05% Tween
20, pH 8.0) buffer for 1 h. Then the membranes were incu-
bated with primary antibodies at 1:5000 dilutions in 5%
non-fat milk overnight at 4 °C, and washed four times with
TBST for a total of 30 min. After which the secondary anti-
bodies conjugated with horseradish peroxidase at 1:5000
dilution for 1 h at room temperature and then washed four
times with TBST. The blots were visualized with the Amer-
sham ECL Plus western blotting detection reagents accord-
ing to the manufacturer’s instructions. To assess the pres-
ence of comparable amount of proteins in each lane, the
membranes were stripped finally to detect the B-actin. The
gray values were calculated with BandScan.

Results and discussion

Synthesis and characterization

The ligand BTCP was prepared by the reaction of 1,10-phen-
anthroline-5,6-dione and 5-norbornene-2-carboxaldehyde in

the presence of ammonium acetate and glacial acetic acid.
The complex [Ir(ppy),(BTCP)]PF, (Ir-1) was synthesized
by the direct reaction of BTCP and precursor complex
cis-[Ir(ppy),Cl,], in a mixture of chloroform and metha-
nol. The ligand and Ir-1 were characterized by elemental
analysis, IR, ESI-MS and NMR. In the ESI-MS spectra for
the complex, the expected signal [M-PFg]* was observed.
The measured molecular weight was consistent with the
expected value. In the assay of IR spectra, 2964.9 cm™! for
BCTP and 2970.9 cm™! for Ir-1 are assigned to C—H stretch
vibration. 3381.5 cm™! for Ir-1 is attributed to N-H stretch
vibration. In the '*C NMR spectra, 29.6 and 29.5 ppm are
attributed to C, and C,, respectively.

Cytotoxic activity in vitro

The in vitro cytotoxicity of the tested complex is a
usual concern in anticancer drug study. The cytotoxic-
ity of ligand and complex Ir-1 against SGC-7901, HOS,
PC-12, HeLa, BEL-7402, SiHa, MG-63, HepG-2, A549
and normal cell LO2 was assayed using MTT method
after 48 h of incubation and cisplatin was used as posi-
tive control, the ICs, values are listed in Table 1, As
expectation, ligand BTCP has no cytotoxicity against
the selected cell lines, whereas Ir-1 complex displays
different cytotoxic activity towards different cancer cell
lines. Particularly, Ir-1 shows high inhibition of cell
growth in SGC-7901, MG-63 and SiHa cell with a low
ICs, value of 3.9 + 0.6, 5.4 £ 1.2 and 4.1 £+ 0.6 pM,
respectively. Interestingly, Ir-1 exhibits higher cytotoxic
effect than cisplatin on PC-12, BEL-7402, MG-63 and
SiHa cells under identical conditions. Unfortunately,
the complex also reveals a certain extent cytotoxicity
against normal cell LO2 (IC5q = 10.4 & 1.5 uM). Com-
paring the cytotoxicity of Ir-1 with other Ir(Ill) com-
plexes, the cytotoxic activity of Ir-1 is lower than those
of iridium B-carboline complexes (IC5; = 1.6 £ 0.2 uM)
against A549 cell [33] and Ir(pq),(bpy-CONH-Et)]PF
(IC5y = 5.5 £ 0.4 uM against HeLa cell, pq = 2-phenyl-
quinoline, bpy-CONH-Et = 4-(N-(2-(w-methoxypoly-
(1-oxapropyl))ethyl)aminocarbonyl)-4’-methyl-2,2'-
bipyridine) [34]. Because SGC-7901 cell is sensitive to
the complex, this cell line was selected to undergo the
following experiments.

Table 1 ICj, values of BTCP and complexes [Ir(ppy),Cl,],, Ir-1 toward the selected cell lines

comp SGC-7901 HeLa HOS PC-12 BEL-7402 MG-63  SiHa A549 HepG2  LO2
BTCP >200 >200 >200 >200 >200 >200 >200 >200 >200 >200
[r(ppy),Cl,), 328433 373+£25 - - 301 +£22 - - - - -

Ir-1 39405 139423 60+11 57411 54412 42408 41+£06 96423 127+£18 104415
Cisplatin 36405 704+10 26403 112407 108416 66405 13.6+£22 75+13 125+£15 92414
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Apoptosis assay by AO/EB and Hoechst 33258 staining
methods

Morphological analyses is one of the considerations in pro-
cess of apoptosis, most of the cytotoxic antitumor drugs in
current use have been shown to induce apoptosis in suscep-
tible cells [35]. To determine whether Ir-1 induce cell death
by apoptosis, the AO/EB straining assay was performed.
After treatment of SGC-7901 cells with Ir-1 for 24 h, the
images of the cells stained with AO/EB are shown in Fig. 1.
In the control (a), the living cells keep integrated morphol-
ogy with bright green in spots. However, SGC-7901 cells
exposure to 3.13 (b) and 6.25 uM (c) of Ir-1, with increas-
ing the concentration of Ir-1, more apoptotic cells exhib-
ited apoptotic characteristic such as nuclear shrinkage and
chromatin condensation were found. The apoptosis was
also assayed with Hoechst 33258 staining method (d—f),
the apoptotic features were also observed. The observa-
tions indicated that the complex can induce apoptosis in

Fig. 1 Apoptosis in SGC-7901
cell (a, d) treated by 3.13 (b, e)
and 6.25 (c, f) uM of Ir-1 for
24 h and the cells were stained
with AO/EB (a—c) and Hoechst
33258 (d-f)

SGC-7901 cells. To further quantitatively compare the
effect of the complex concentration on the apoptosis, the
percentage in the apoptotic cells was determined using
double staining of Annexin V and PI [36] by flow cytom-
etry. As shown in Fig. 2, in the control (a), the percentages
of apoptotic and necrotic cells are 0.00 and 0.04%. Com-
paring to the control, the percentages of apoptotic and
necrotic cells treated with 3.13 (b) and 6.25 uM (c) of Ir-
1 are 2.54% and 3.15, 13.38 and 2.89%, respectively. The
results suggest that Ir-1 induces apoptosis in SGC-7901
cell in dose-dependent manner.

Cellular uptake assay

Cellular uptake is the first step to the success of antican-
cer drugs. In this study, the cellular uptake properties of
the complex have been investigated using fluorescent
microscope. The images of SGC-7901 cells treated with
3.13 uM of Ir-1 for 24 h and the cells were strained with

adg; b3, c3
m m ™
21 21 S
T | o T
< i T 31 = NS
Hf N 0.04% N N 3.15% N 2.89%
91 =1 . =
& s N s
G POSh  A000%| o |MERR . AZSR| o [83AW A 13.38%
10° 10! 102 103 10% 10° 10* 10?2 10° 10¢ 10° 10' 102 10 10°
FL1-H FL1-H FL1-H

Fig. 2 The percentage of living (L), necrotic (N) and apoptotic (A) cells was assayed by flow cytometry after SGC-7901 cell (a) was treated

with 3.13 (b) and 6.25 (¢) pM of Ir-1 for 24 h
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DAPI (4/,6-diamidino-2-phenylindole) dye, and the cells
were observed under a fluorescent microscope. As shown
in Fig. 3A, DAPI staining located the nucleus emits blue
luminescence with excitement at 340 nm. Ir-1 emits green
fluorescence with an excitation wavelength at 350 nm,
and the merged picture was obtained from the DAPI and
Ir-1 emission. The merge manifests cellular association of
the complex. The results show that the complex Ir-1 can
enter into the cytoplasm and accumulate in the cell nuclei.
To further confirm the phenomenon and the effect of the
concentration of the complex on cellular uptake, the cel-
lular uptake was also investigated by flow cytometry. As
shown in Fig. 3B, in the control (a), the emission intensity
is 5.84. After SGC-7901 cells were treated with 3.13 (b),
6.25 (c) and 12.5 (d) uM of Ir-1, the emission intensity
is 44.1, 90.4 and 233. Obviously, more Ir-1 was uptaken
by SGC-7901 cells with increasing the concentration of

Fig. 3 A Images of SGC-7901 A
cell exposure to 3.13 (a) and
6.25 uM (b) of Ir-1 for 24 h

and stained with DAPI. B The
fluorescent intensity of SGC-
7901 (a) treated with 3.13 (b),
6.25 (¢) and 12.5 (d) uM of Ir-1
for 24 h was determined by flow
cytometry

DAPI

a
»
b...

Ir-1. The results show that complex Ir-1 can be uptaken
and the uptake effect displays a concentration-dependent
manner.

DNA damage studies

Comet assay provide an image of the changes that have
happened in the chromatin organization in a single cell,
which is regarded as a more effective and simple way to
detect DNA fragmentation or DNA damage in a cell pop-
ulation [37]. When a cell with damaged DNA is subjected
to electrophoresis and then stained with EB, it appears
as a comet [38]. SGC-7901 cells were incubated with
3.13 and 6.25 uM of Ir-1 for 24 h. As shown in Fig. 4,
in the control (a), SGC-7901 cells fail to show a comet
like appearance. On the contrary, the nuclei of the treated
cells appeared well-formed comets, and the length of the
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Fig. 4 Comet assay of EB-
stained SGC-7901 cell (a)
exposure to 3.13 (b) and 6.25
(¢) uM of Ir-1 for 24 h
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A
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Fig.5 A The localization of Ir-1 in the mitochondria. SGC-7901
(a) was exposed to 3.13 uM of Ir-1 (b) for 1 h and the cells were
stained with Mito Tracker® Deep Red FM and imaged under fluores-
cent microscope. B Assay of SGC-7901 cell mitochondrial membrane
potential with JC-1 as fluorescent probe. SGC-7901 (a) exposure to

@ Springer

ccep (b, positive control) and 3.13 (c¢) and 6.25 (d) uM of Ir-1 for
24 h. C The ratio of red/green fluorescent intensity was determined
by flow cytometry after SGC-7901 (a, d) was treated with 3.13 (b, e)
and 6.25 (c, f) uM of Ir-1 for 24 h
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Fig. 7 The cell cycle arrest in SGC-7901 (blue) induced by 6.25 uM
of Ir-1 (red) for 24 h

comet tail, shown dose-dependent manner, revealed the
extent of DNA strand breaks (b, ¢). The results manifest
that the complex can induce DNA damage in SGC-7901
cells.

3.13 (b), 6.25 (¢) and 12.5 (d) uM of Ir-1 for 24 h was determined by
flow cytometry

Assay of mitochondrial membrane potential (MMP)

Mitochondria play a key role in keeping genomic integrity
by continuously oxidizing substrates and holding a proton
gradient through the lipid bilayer with a great mitochondrial
membrane potential [39]. To investigate the localization of
the complex in the mitochondria, Mito Tracker® Deep Red
FM (ThermoFisher, 100 nM) was used as red fluorescent
probe. As shown in Fig. 5A, in the control (a), the mito-
chondria were stained in red. After the treatment of SGC-
7901 cells with 3.13 pM of Ir-1, the complex emits green
fluorescence (b). The merge (c) of the red and the green
indicates that the complex can enter into the mitochon-
dria. To further determine whether the apoptotic cells are
accompanied by mitochondrial dysfunction, the changes
of MMP are detected using a fluorescence microscope and
flow cytometry after staining live cells with dye JC-1. JC-1
forms aggregate and emits red fluorescence signals cor-
responding to high mitochondrial membrane potential, on
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«Fig. 8 A Autophagy in SGC-7901 cells induced by different concen-
tration of Ir-1 for 24 h. Autophagy was detected using MDC staining.
B The green fluorescent intensity (I) of SGC-7901 (a) exposure to
3.13 (b), 6.25 (¢) and 12.5 (d) pM was determined by flow cytometry.
C The protein levels of LC-3 and Beclin-1 were assayed by western
blot analysis. GAPDH was used as internal control. D The effect of
autophagy on the cell viability

the contrary, JC-1 exists as monomer and emits green fluo-
rescence signals corresponding to low membrane potential
[40]. The images of SGC-7901 cells (a) with cccp (b, car-
bonylcyanide-m-chlorophenylhydrazone, positive control)
and 3.13 (c¢), 6.25 (d), 12.5 uM (e) of Ir-1 are shown in
Fig. 5B. In the control, JC-1 emits red fluorescence. Treat-
ment of SGC-7901 cells with cccp and different concentra-
tion of Ir-1, JC-1 emits green fluorescence. Moreover, the
green fluorescent intensity increases with increasing the
concentration of Ir-1. The changes from the red to green
indicate that the complex can induce a decrease in the
mitochondrial membrane potential. To further compare the
effect induced by the different concentration of complex
on the changes of MMP, the ration of red/green fluorescent
intensity was determined by flow cytometry. In the control
(Fig. 5C), the ratio of red/green fluorescence is 1.96, SGC-
7901 cells were exposed to 3.13 and 6.25 uM of Ir-1, the
ratios are 0.40 and 0.32, respectively. The decrease in the
ratio of red/green fluorescence reveals that the red fluo-
rescent intensity decreases and green fluorescent intensity
enhances, which further demonstrates that Ir-1 induces a
decrease in the mitochondrial membrane potential in a con-
centration-dependent manner.

Reactive oxygen species levels assay

Many anti-proliferative drugs exhibit antitumor activity
through the reactive oxygen species (ROS) accumulation
in the process of apoptosis [41]. The level of ROS can be
detected using DCHF-DA as fluorescent probe. DCHF-DA
is a cell permeant dye and is cleaved by intracellular ester-
ase into its non-fluorescent form (DCHF, 2/,7'-dichloro-
3,6-fluorandiol). Then DCHF is oxidized by intracellular
free radicals to produce a fluorescent product DCF (dichlor-
ofluorescein) [42, 43]. As is shown in Fig. 6A, in the con-
trol, no obvious fluorescent spots are observed. After 24 h
exposure of SGC-7901 cells to Rosup (b, positive control)
and 3.13 (c), 6.25 (d), 12.5 (e) of Ir-1, bright fluorescent
spots are found. Furthermore, more bright fluorescent spots
are observed with increasing the concentration of Ir-1.
The DCF fluorescent intensity was also detected by flow
cytometry. In the control (Fig. 6B), the fluorescent inten-
sity is 293. Treatment of SGC-7901 cells with 3.13 (b),
6.25 (c) and 12.5 uM (d) of Ir-1 led to an increase of 1.30,
1.43 and 2.17 times than the original. Thus, the increasing

concentration induces an increase in the ROS levels. The
data show that the complex can enhance the ROS levels.

Cell cycle arrest by flow cytometry

The apoptosis of tumor cells is often associated with
genomic DNA damage and cell cycle perturbation [43,
44]. To estimate the effect of Ir-1 on the cell cycle dis-
tribution, the cell cycle arrest was performed using flow
cytometry. As shown in Fig. 7, in the control, the percent-
age in the cell at GO/G1 phase is 54.04%. After the treat-
ment of SGC-7901 cells with 6.25 uM of Ir-1, the per-
centage in the cell at GO/G1 phase is 59.96%. An increase
of 5.92% in the percentage of cells at GO/G1 phase was
observed, accompanied by corresponding decrease in the
percentage of cells in the S phases. The result suggests that
the complex induces cell cycle arrest in SGC-7901 cell at
GO0/G1 phase.

Autophagy induced by Ir-1

It is well known that autophagy is a physiologically reg-
ulated process, under certain stress conditions, which
allows degradation of the cytoplasmic contents includ-
ing unfolded proteins and membranous organelles [45].
Recently, autophagy has become a burgeoning field in the
therapy of various diseases and has been connected with
the lethal mechanism of cancers [46, 47], which stimu-
lates our strong attempt to explore whether Ir-1 can trig-
ger autophagy in SGC-7901 cells. To elucidate the effect
of Ir-1 on autophagy in SGC-7901 cells, the autophagy
was investigated using MDC as fluorescent probe. It
is well known that MDC fluorescent dye is a specific,
in vivo marker for autophagic vacuoles [48], and MDC
incorporation is an indicator of autophagic activity. As
shown in Fig. 8A, surprisingly, the great autophagy flux
activity of SGC-7901 cells was observed under fluores-
cence microscope, cells with typical feature of autophagy,
autophagic vacuoles (AVs) are observed. The MDC flu-
orescent intensity was determined by flow cytometry
(Fig. 8B), in the control (a), the fluorescent intensity of
MDC is 2.92. SGC-7901 cells incubated with 3.13 (b),
6.25 (c) and 12.5 uM (d) of Ir-1, the MDC fluorescent
intensity increases 20.1, 42.8 and 97.6 times than the
original. The results indicate that the complex show a
concentration-dependent manner to induce autophagy in
SGC-7901 cells. In addition, the formation of autophagic
vacuoles was further studied by assay of LC3 protein lev-
els, which is often regarded as a marker of autophagy,
and the conversion of LC3-I to LC3-II shows autophagy
induction [49]. The amount of LC3-II is closely corre-
lated with number of autophagosomers [50]. Seen from
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Fig. 8C, a significant increase expression of LC3-II and
Beclin-1 proteins was observed. This further confirms that
the complex can induce autophagy in SGC-7901 cells. To
investigate the effect of the autophagy on the cell viability,
SGC-7901 cells were treated by different concentrations

Fig. 9 A Microscope images
of invading SGC-7901 cells

(a) that have migrated through
the Matrigel induced by 3.13
(b) and 6.25 pM (c¢) of Ir-1 for
24 h. B Cell invasion assay
result of Ir-1 against SGC-7901
cell. *P < 0.05 represents sig-
nificant differences compared
with control. C The percentage
of different concentration of the
complex inhibiting cell invasion
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The cell invasion assay

It is interesting to investigate whether the Ir-1 can inhibit
invasion of SGC-7901 cells. The transwell invasion assay
in SGC-7901 cells was treated by Matrigel invasion assay.
The results obtained from the study were shown in Fig. 9A
and B. SGC-7901 cells were exposed to 3.13, 6.25, 12.5
and 25.0 uM of Ir-1, the number of the invasion cells
decrease gradually, and the percentages of Ir-1 inhibit-
ing cell invasion are calculated to be 32.8, 41.3, 55.0 and
67.6%, respectively. Therefore, complex Ir-1 shows a con-
centration-dependent manner in the inhibiting cell invasion.
These results demonstrate that the complex can effectively
inhibit SGC-7901 cell invasion.

The expression of Bcl-2 family proteins by western blot

It is acknowledged that caspase-3 and -7 are pivotal activa-
tor of apoptosis as processing of their substrates result in
morphological changes related with apoptosis, including
membrane blebbing, chromatin condensation and DNA
degradation [50]. Bcl-2 family proteins play important

Control  3.13 6.25 UM
1.00 1.59 1.25
Caspase 3 WG—_—_ ——_——_ - 34K
1.00 0.98 0.76
Procaspase 7 m 34 KD
1.00 0.69 0.41

1.00 0.57 0.45
Bcl-x m W 26 KD
1.00 1.21

1.15

1.00 1.22 1.43
1.00 1.00 1.00

Fig. 10 The expression of Bcl-2 family proteins treated with 3.13
and 6.25 uM of Ir-1 for 24 h

roles in the regulation of apoptosis though governing mito-
chondrial outer membrane permeabilization [51]. To clarify
the mechanism of apoptosis induced by Ir-1, the expres-
sion levels of Bcl-2 family proteins were studied by west-
ern blotting analysis. After caspase 3, procaspase 7, Bcl-2,
Bcl-x, Bak and Bid were incubated with different concen-
tration of the complex (Fig. 10) for 24 h, the expression
levels of caspase-3, bak and bid were significantly upregu-
lated, whereas the levels of the anti-apoptotic proteins Bcl-
2, Bcl-x and procaspase 7 were down-regulated. The results
exhibit that the complex can regulate the expression of cas-
pase 3, procaspase 7 and Bcl-2 family proteins.

Conclusions

A new ligand BTCP and its iridium complex
[Ir(ppy),(BTCP)PF¢ (Ir-1) were synthesized and charac-
terized. The complex shows high cytotoxic activity against
the selected cell lines. In particular, Ir-1 possesses very
strong ability to kill SGC-7901 cell with a low ICs, value
(3.9 £ 0.5 uM). The complex can induce autophagy and
apoptosis and was uptaken with a concentration-depend-
ent manner by SGC-7901 cell. In the assay of ROS and
mitochondrial membrane potential, the complex increases
the ROS levels and induces a decrease in the mitochon-
drial membrane potential. In addition, Ir-1 inhibits the cell
growth at GO/G1 phase. When the concentration of the
complex is 25.0 uM, the percentage of the complex inhibit-
ing cell invasion reaches 67.6%. The expression levels of
caspase-3, bak and bid were upregulated, and the levels of
the anti-apoptotic proteins Bcl-2, Bcl-x and procaspase 7
were down-regulated. In summary, the complex induces
SGC-7901 apoptosis through a ROS-mediated mitochon-
drial dysfunction pathway, which was accompanied by the
regulation of the expression of caspases and Bcl-2 family
protein. The work is helpful for the design and synthesis of
new Ir(IIT) complex as potent anticancer agents.
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