
lable at ScienceDirect

Journal of Organometallic Chemistry 846 (2017) 312e320
Contents lists avai
Journal of Organometallic Chemistry

journal homepage: www.elsevier .com/locate/ jorganchem
Apoptosis in vitro in PC-12 cells induced by an organometallic Ir(III)
complex through a ROS-mediated mitochondrial pathway

Xian-Lan Hong a, *, Yu-Huan Zhou a, Chuan-Chuan Zeng b, Xiao-Chao Wu a,
Yun-Jun Liu b, **

a Department of Chemistry, Shaoguan University, Shaoguan, Guangdong, 512005, PR China
b School of Pharmacy, Guangdong Pharmaceutical University, Guangzhou, 510006, PR China
a r t i c l e i n f o

Article history:
Received 6 June 2017
Received in revised form
2 July 2017
Accepted 5 July 2017
Available online 8 July 2017

Keywords:
Ir(III) complex
Cytotoxicity
ROS
Apoptosis
Cell cycle distribution
* Corresponding author.
** Corresponding author.

E-mail addresses: hongxianlan@163.com (X.-L.
(Y.-J. Liu).

http://dx.doi.org/10.1016/j.jorganchem.2017.07.004
0022-328X/© 2017 Elsevier B.V. All rights reserved.
a b s t r a c t

An Ir(III) organometallic complex, [Ir(ppy)2(paip)]PF6 (1), (ppy and paip denote 2-phenylpyridine and 2-
(4-aminophenyl) imidazo [4,5-f] [1,10] phenanthroline, respectively) was synthesized and characterized
by elemental analysis, ESI-MS, 1H and 13C NMR. The cytotoxic activity in vitro of the complex was
evaluated by MTT (MTT ¼ (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)) method. The
complex shows higher cytotoxic activity against PC-12 cells than cisplatin. The intracellular ROS gen-
eration and mitochondrial membrane potential (MMP) changes were determined by fluorescent mi-
croscope and flow cytometry. The cellular uptake and location of complex 1, as well as cell cycle
distribution and matrigel invasion in PC-12 cells treated with the complex were investigated. Meanwhile,
Bcl-2 family proteins expression was also explored by western blot. The results indicate that the complex
shows efficient cellular uptake and cumulates in nucleus as well as in mitochondria, and inhibits both the
growth at G0/G1 phase and the invasion in extracellular matrix. It is rationally concluded that complex 1
induces apoptosis in PC-12 cell through a ROS-mediated mitochondrial dysfunction pathway with an
increase in ROS level and a decrease in MMP.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The side effect and resistance of platinum-based anticancer
drugs have stimulated the research efforts to explore other metal
complexes as alternatives to platinum anticancer agents [1e8].
Much attention has been focused on the complexes with a metal
center of d6 electron configuration featuring inert coordination
substitution. More and more Ru(II) octahedral polypyridyl com-
plexes were found to have superior antitumor activity and can
circumvent the shortcomings of cisplatin to some extent [9e12]. It
is well conceivable that the distinctiveness in antitumor behaviors
and biological features including toxicity and drug delivery be-
tween these Ru(II) complexes and cisplatin analogues mainly stem
from the difference of DNA-binding mode; the former interacts
with DNA by intercalation between base pairs, and the latter by
covalent crosses links resting upon ligand institution reaction
Hong), lyjche@gdpu.edu.cn
[4,13,14]. Recently, Ir(III) complexes have attracted significant in-
terests in developing non-platinum anticancer drugs based on the
consideration that the coordination substitution inertness of octa-
hedral low-spin d6 Ir(III) complexes are more prominent than that
of Ru(II) complexes; the mean lifetime for exchange of an aqua
ligand of [Ir(H2O)6]3þ is about 8 orders of magnitude larger than
that of [Ru(H2O)6]2þ [15], and a series of polypyridyl Ir(III) com-
plexes have been synthesized and proved to possess high bioac-
tivity over the last decade [16e21]. On the other hand, the Ru(II)
complexes containing a coordinated cationwith single charge, such
as [Ru(bpy)(phpy)(dppz)]þ [22], [(h6-C6Me6)Ru(Cl)(pp)]þ [23],
[Ru(dtzp)(dppz)Cl]þ [24], exhibit better liposolubility, much greater
cellular uptake efficiency and better anti-cancer activity than
their corresponding complexes with doubly charged cations
(namely, [Ru(bpy)2(dppz)]2þ, [(h6-C6Me6)Ru((NH2)2CS)(pp)]2þ,
[Ru(dtzp)(dppz)CH3CN]2þ). The combination of the ease of syn-
thesis and the excellent photophysical and biochemical properties
make the biscylometalated Ir(III) complexes with a style of
[Ir(C,N)2(N,N,N)]þ more suitable to be developed as non-platinum
anticancer drugs [5,21,25e27]. Meanwhile, it is interesting to find
that the ruthenium (II) complexeswith the ligand paip were proved
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to show superior in vitro anticancer activity [28,29]. In order to
obtain more anticancer information of Ir(III) complexes, herein, an
organometallic paip-containing complex (1) was synthesized
(Scheme 1). The cytotoxicity in vitro against several cancer cell lines
and the action mechanism of the complex were investigated in
detail using cytological experimental methods.

2. Materials and methods

Cancer cell lines of SGC-7901 (human gastric adenocarcinoma),
SiHa (human cervical carcinoma), A549 (human lung carcinoma),
BEL-7402 (human hepatocellular carcinoma), PC-12 (pheochro-
mocytoma), HeLa (human cervical cancer), HepG2 (human hepa-
tocellular carcinoma), normal NIH3T3 (mouse embryonic
fibroblast) cells, were purchased from the American Type Culture
Collection. IrCl3$3H2O, ppy (2-phenylpyridine), and all the other
reagents and solvents were commercially obtained and used
without further purification, double-distilled water with Ultrapure
MilliQ was used in all experiments. RPMI 1640 was purchased from
Sigma.

Elemental analysis (CHN) was performed with a Perkin-Elmer
240Q elemental analyzer. Electrospray ionization mass spectrum
(ESIeMS) was carried out on a LCQ system (Finnigan MAT, USA)
using acetonitrile as mobile phase. NMR spectra (1H and 13C) were
conducted on a Varian 500 MHz spectrometer with DMSO-d6 as
solvent and TMS as an internal standard at ambient temperature.

2.1. The synthesis of [Ir(ppy)2(paip)]PF6 (1)

A mixture of cis-[Ir(ppy)2Cl]2 [26,27] (0.16 g, 0.15 mmol), paip
[30] (0.083 g, 0.30 mmol) and 21 ml CH2Cl2/CH3OH (2:1, v/v) was
refluxed at 50 �C under the protection of argon for 9 h. Upon cooling
to ambient temperature, NH4PF6 (0.12 g, 0.75 mmol) was added
with keeping the stirring for 2 h, then the reaction mixture was
evaporated to dryness under reduced pressure. The obtained solid
was dissolved in 20 mL CH2Cl2, after filtering out the insoluble
substance, the filtrate was evaporated with rotary vacuum evapo-
rator. The crude product, an ocher solid, was purified by column
chromatography on neutral alumina with dichloromethane/
acetone (1:8, v/v) as eluent. The orange band was collected, upon
removing off the solvent by using rotary evaporator again, the
desired product (orange powder) was obtained. Yied: 0.335 g, 70%.
Anal. Calc for C41H29N7IrPF6: C, 51.46; H, 3.05; N, 10.25%. Found: C,
51.37; H, 3.22; N, 10.36%. IR (KBr, cm�1): 3384, 2972, 1686, 1608,
1583, 1479, 1455, 845, 759, 558. 1H NMR (DMSO-d6): d 9.14 (d,
J ¼ 8.2 Hz, 2H), 8.27 (d, J ¼ 8.1 Hz, 2H), 8.10 (s, 2H), 8.06 (s, 2H),
8.02e7.94 (m, 4H), 7.87 (dd, J ¼ 11.3, 4.5 Hz, 2H), 7.50 (d, J ¼ 4.9 Hz,
2H), 7.06 (d, J ¼ 7.7, 1.2 Hz, 2H), 7.04e6.91 (m, 4H), 6.76 (d,
J ¼ 8.7 Hz, 2H), 6.32e6.27 (m, 2H), 5.78 (s, 1H), 4.51 (s, 2H). 13C
NMR: 168.88, 156.29, 153.21, 152.42, 151.09, 146.01, 140.64, 138.95,
134.21, 133.81, 133.19, 132.23, 130.02, 128.94, 128.71, 127.89, 127.53,
127.04, 125.81, 124.32, 121.94, 118.31, 115.63. ESI-MS: m/z ¼ 814.5
[M-PF6]þ.
Scheme 1. The synthetic rout
2.2. Cytotoxic activity in vitro

A common MTT assay procedure was followed in literature [31].
Cells were seeded in 96-well culture plates at a density of
8 � 103 cells per well and incubated overnight at 37 �C in 5% CO2
atmosphere with 95% relative humidity. The complex 1, pre-
dissolved in DMSO, was added to the wells to reach the final con-
centrations ranging from 1 to 100 mM. After further incubated for
48 h, thewells were added 20 mLMTT PBS solution (5mgmL�1) and
incubated for another 4 h. The formed formazan crystals were
dissolved in 100 mL buffer containing 50% DMF and 20% SDS and
read the data of optical density at 490 nm in a microplate spec-
trophotometer. Control well was prepared by the adding 100 mL
culture medium. The IC50 values were determined by plotting the
percentage of cell viability versus concentration on a logarithmic
graph and reading off the control, each experiment was performed
in triplicate.

2.3. Apoptosis study

Apoptosis assay was performed with AO/EB staining method
[32]. PC-12 cells at a density of 2 � 105 were seeded and incubated
in RPMI 1640 (Roswell Park Memorial Institute) with 10% of fetal
bovine serum (FBS) onto chamber slides at 37 �C in 5% CO2 for 24 h.
Upon removing the medium, solutions of complex 1 at 10.50 and
21.00 mM in medium with 0.05% DMSO were added and incubated
for 24 h, then the cells were washed with ice-cold PBS buffer, fixed
with formalin (4%, w/v), and counterstained with AO and EB
(100 mg/mL). Samples were observed under a fluorescence micro-
scope (Nikon, Yokohama, Japan) with excitation at 350 nm and
emission at 460 nm. Annexin V-FITC/PI double staining assay was
used to determine the percentage of apoptotic cells, in briefly, cells
(1 � 106) with exposure to complex 1 at 6.25 and 12.5 mM were
harvested and fixed with 70% ethanol, and stained with PI (50 mg/
mL) and annexin (1 mg/mL) in PBS. The fluorescence at 530 and
575 nmwas then equivalently measured with excitation at 488 nm
using a FACSCalibur flow cytometry system (Becton, Dickinson,
Franklin Lakes, NJ, USA). A minimum of 10,000 cells were analyzed
for each sample.

2.4. Cell uptake, mitochondrial location assay and reactive oxygen
species (ROS) detection

PC-12 cells were seeded and incubated in 24-well culture plates
(4 � 104 cells per well) overnight at 37 �C in a 5% CO2 incubator,
then complex 1was added to reach a final concentration of 12.5 mM
and incubated for another 24 h. Washed with PBS three times, the
cells were stained with DAPI (0.5 mg/ml) and MitoTracker® Deep
Red FM (80 nM) respectively for detecting the cellar uptake and
mitochondrial location of complex 1 via imaging under a fluores-
cent microscopy.

For the detection of intracellular ROS generation induced by
complex 1, PC-12 cells were seeded into six-well plates with
of ligand and complex 1.
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2 � 105 cells each well and incubated in RPMI 1640 supplemented
with 10% of FBS for 24 h at 37 �C in 5% CO2. The medium was
renewed with medium containing complex 1 (12.5 mM) and incu-
bated for 24 h. After the medium was removed off, the cells were
covered with 20,70-Dichlorodihydrofluorescein diacetate (H2DFC-
DA) medium solution (10 mM). The treated cells were then washed
with cold PBS-EDTA twice, and collected by trypsinization and
centrifugation, the resulting cell pellets were resuspended in PBS-
EDTA and imaged under a fluorescent microscope. The DCF fluo-
rescent intensity was determined by flow cytometry, the level of
intracellular ROS was expressed as the mean fluorescence intensity.
Data acquisition and analysis were carried out with BD FACSDiva
software v6.0.

2.5. Cell cycle arrest by flow cytometry

Following the treatment with complex 1 (12.5 mM) for 24 h in
six-well plates (Costar, Corning Corp, New York, USA), PC-12 cells
were trypsinized and incubated with 70% ethanol (v/v) overnight
at �20 �C for fixation. The cells were centrifuged (10 min at 1000 r/
min) and washed twice with ice-cold PBS. After incubation for 24 h,
the cell layer washed with cold PBS and re-suspended, then twenty
microliters of RNAse (0.2 mg/mL) and 20 mL of propidium iodide
(0.02 mg/mL) were added to the cell suspensions and incubated in
the dark at 37 �C for 30 min. The samples were analyzed with a
FACSCalibur flow cytometry. The number of cells analyzed for each
sample was 10,000, and the acquired data were analyzed with
ModFit LT3.2 [33].
Table 1
IC50 values of the compounds (Comp) against the selected cell lines.

Comp SGC-7901 SiHa A549

paip 27.3 ± 1.6 40.7 ± 4.2 27.7 ± 1.8
1 46.2 ± 3.8 15.9 ± 1.2 90.2 ± 5.5
Cisplatin 3.4 ± 0.4 13.3 ± 2.0 13.6 ± 1.1

Fig. 1. A Apoptosis in PC-12 cells (a) exposure to 12.5 mM of complex 1 (b) for 24 h and the c
(A) cells was assayed by flow cytometry after PC-12 cell (a) was treated with 6.25 (b) and
2.6. Cell invasion assay

Matrigel chamber assays were conducted to investigate the
invasiveness of PC-12 cell according to the manufacturer's in-
structions. Approximately 4 � 104 cells were added to the upper
chamber coated with a ECM (extracellular matrix) membrane with
8.0 mm pores and cultured in serum free RPMI-1640 media and
different concentration of complex 1 (6.25 and 12.5 mM), and RPMI
1640 with 20% FBS as chemo-attractant was added to the lower
chamber. After incubation for 24 h at 5% CO2 and 37 �C, non-
invading cells were removed from the upper surface with a cot-
ton swab. The invading cells attached on the opposite surface were
fixed with 4% paraformaldehyde and stained with 0.1% crystal vi-
olet. The cells migrating across the filter were counted and imaged
under fluorescent microscopy. Each experiment was repeated at
three times to obtain the mean values.

2.7. The expression of caspase and proteins

PC-12 cells were seeded in 3.5 cm dishes in PBS (containing 10%
fetal calf serum) with complex 1 at 6.25 and 12.5 mM. After incu-
bation for 24 h, the cells were harvested in lysis buffer, sonicated,
and then centrifuged for 25 min at 10,000 g. The supernatant was
collected, the concentration of protein in it was determined by BCA
assay. SDS-PAGE was performed by loading equal amounts of pro-
teins per lane. Gels were then transferred to poly (vinylidene
difluoride)membranes (Millipore) and blockedwith 5% nonfatmilk
in TTBS (Tris-Tween20 buffer saline) buffer for 1 h. Then, the
Bel-7402 PC-12 HeLa HepG-2

59.8 ± 4.5 >200 25.4 ± 2.2 37.8 ± 2.8
24.5 ± 1.3 10.2 ± 1.0 >100 >100
11.6 ± 1.2 11.4 ± 0.5 6.8 ± 1.1 20.3 ± 1.2

ells were stained with AO/EB. B The percentage of living (L), necrotic (N), and apoptotic
12.5 mM of 1 for 24 h and the cells were stained with Annexin V-FITC/PI.



Fig. 2. Images of PC-12 cell exposure to 6.25 mM complex 1 and stained with DAPI.
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membranes were incubated with primary antibodies at 1:5000
dilution in 5% nonfat 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 thenwashed four times with TBST.
The blots were visualized with the Amersham ECL Plus Western
blotting detection reagents according to the manufacturer's in-
structions. To assess the presence of comparable amounts of pro-
teins in each lane, the membranes were stripped finally to detect
the GAPDH.

3. Results and discussion

3.1. Chemistry

Awell-developedmethod for synthesizing Ir(III) complex with a
polypyridyl Ir(III) organometallic single-charged cation was used
here [25e27], namely, the complexwas obtained by the direction of
Fig. 3. A ROS generation in PC-12 cell (a) treated with Rosup (b, positive control) and 12.5 mM
PC-12 cells (a) were treated with 6.25 (b) and 12.5 mM (c) of complex 1 for 24 h.
two equivalents of ligand paip with cyclometalated Ir(III) dimers in
CH2Cl2/CH3OH (2:1, v/v) under reflux conditions. The product was
precipitated out of the reacting mixture as hexafluorophosphate
and purified by column chromatography. The authenticities of the
complex can be confirmed by the data of ESI-MS and element
analysis that arewell in accordwith the theoretical values. In the 1H
NMR spectra, the peak of 5.78 ppm is assigned to the hydrogen
atoms in eNH2.

3.2. Cell viability assay

The cell viability was evaluated by MTT assay. The results of cell
viability were obtained after incubated with paip and complex 1 at
different concentrations ranging from 0 to 100 mM against the
selected cancer cell lines, andcisplatinwasusedas apositive control.
The IC50 of paip and its complex are listed inTable 1. The cytotoxicity
of ligand paip against SGC-7901, A549, HeLa, HepG-2 is higher than
those of its corresponding complex. Thereweremany cases that the
complex 1 (c). B DCF fluorescent intensity (I) was determined by flow cytometry after
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polypyridine such as APIP, HAPIP [26], OP (1,10-phenanthroline)
[34],whichwas found to induce dramatically apoptotic cell death by
anactivationof p53. Thiswewill conduct another study, andherewe
only focus on complex anticancer behaviors. As shown inTable 1, the
complex has more striking anticancer activity than paip against
SiHa, Bel-7402, PC-12. In particular, it is higher than cisplatin against
PC-12 cells, this cell line was used to carry out the following cell
biological experiments for the mechanism behind suppression of
cell proliferation exert from complex.

3.3. Apoptosis induction in PC-12 by the complex

Apoptosis (known as a programmed cell death) is a fundamental
and inherent biological event for maintaining the balance between
Fig. 4. A The localization of complex 1 in the mitochondria. Images of PC-12 cells treated wi
(c). The images were obtained by fluorescence microscope. B Assay of PC-12 cell mitochondr
(b, positive control) and 6.25 mM (c) of 1 for 24 h. C The ratio of red/green fluorescent intensit
of 1 for 24 h. (For interpretation of the references to colour in this figure legend, the reade
cellular proliferation and death, evasion of apoptosis constitutes a
characteristic feature of human cancers. Therapeutic strategies tar-
geting inhibition of apoptotic resistance or induction of apoptosis
represent a valid approach to develop effective anticancer drugs
[35,36]. Here AO/EB and Annexin V-FITC/PI staining assays were
respectively used for qualitative and quantitative investigating
apoptosis. As shown in Fig. 1A, PC-12 cell (a) incubated in the
absence of complex 1 was stained with uniform green fluorescence
and no apoptotic features were observed. However, obvious
morphological changes and green apoptotic cells (b) with features of
blebbing, nuclear shrinkage and chromatin condensation were
observed after the cells were treated with 6.25 mM (b) of complex 1
for 24 h. The results suggest that the complex induced PC-12 cell
apoptosis. To further quantitatively compare the effect of the
th MTDRF (ThermoFisher, 80 nM) (a), 6.25 mM of 1 for 1 h (b) and the merge of a with b
ial membrane potential with JC-1 as fluorescent probe. PC-12 cells (a) exposure to cccp
y was determined by flow cytometry after PC-12 line was treated with 6.25 and 12.5 mM
r is referred to the web version of this article.)

http://dict.youdao.com/w/suppression/


Fig. 5. The cell cycle arrest in PC-12 (black) induced by 12.5 mM of complex 1 (blue) for
24 h. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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complex concentration on the apoptosis, the percentage in the
apoptotic cells was determined using double staining of Annexin V
and PI by flow cytometry. As shown in Fig. 1B, in the control (a), the
percentages of apoptotic and necrotic cells are 0.41 and 8.08%.
Comparing to the control, the percentages of apoptotic and necrotic
cells treatedwith 6.25 (b) and 12.50 mM (c) of complex 1 are 0.95 and
7.95%, 2.22 and 12.84%, respectively. The results suggest that com-
plex 1 induces apoptosis in PC-12 cell in dose-dependent manner.

3.4. Cellular uptake assay

It is well documented that iridium complexes show quick and
efficient cellular internalization, their total cellular uptake reaches
equilibrium just in half an hour [37]. Although, cylometalated Ir(III)
complexes were proved to localize mainly in mitochondria; the
ratio of Mmitochondria/Mcell is about 80%, and nuclear absorption is
below 10% [19,20,38], but the penetrating nucleus and binding to
nuclear DNA may provide an important contribution to the
mechanism of cytotoxicity [19]. To explore whether the present
complex can enter into the cytoplasm and accumulate in the cell
nuclei, the imaging experiment for PC-12 cells, which were treated
with complex 1 (3.13 mM) or stained with nucleus-specific dye DAPI
(40,6-diamidino-2-phenylindole), were carried out with a fluores-
cent microscope, based on the color difference of fluorescence
emitted between iridium complex and DAPI. As shown in Fig. 2,
DAPI staining nucleus emits blue luminescence excited at 340 nm,
and complex 1 emits green fluorescence with an excitation wave-
length at 350 nm. The merged picture was obtained from the DAPI
and complex 1 emission. Seen from the images, a plenty of green
fluorescent spots in the cells can be found. The results show that
the complex can transport across both the membrane and the en-
velope of subcellular organelle to accumulate in the cell nuclei.

3.5. ROS level and mitochondrial membrane potential (MMP) assay

The intracellular ROS is an important signalingmolecule and can
facilitate opening of the permeability transition pore complex and
thus shifting the MMP [39]. H2DFC-DA (non-fluorescent itself) is a
cell permeable dye and can be used to evaluate the intracellular
ROS levels, because it can be ultimately converted to a strongly
emitting green fluorescent matter, i.e. dichlorofluorescein (DCF), by
the intracellular ROS [40]. As shown in Fig. 3A, in the control (a), no
obvious green spots were observed. After PC-12 cells were treated
with Rosup (b, positive control) and 6.25 mM of complex 1 (c) for
24 h, a number of bright green spots were observed. The ROS level
was further evaluated by detecting the DCF fluorescence intensity
with flow cytometry. In the control (Fig. 3B (a)), the DCF fluores-
cence intensity is 3.43, after the treatment of PC-12 cells with 6.25
(b) and 12.5 mM (c) complex 1, the DCF fluorescence intensity in-
creases to 7.85 and 37.50 times than the control, respectively. These
data suggest that complex 1 can increase the ROS levels with a
concentration-dependent manner.

As power houses of cells, mitochondria play a vital role in core
cellular metabolism in physiological and pathological scenarios,
and their functions can be assessed by monitoring the changes in
MMP [41]. A decrease in the MMPmay be linked to the dysfunction
of mitochondria and ultimately the apoptosis of the cells [42]. The
polypyridyl cyclometalated iridium(III) complexes with various
modified groups, such as aldehyde [18], chloromethyl [20], mor-
pholine [38], ester [43], phenolic hydroxy [44] et al., have been
proven to be potential mitochondria-targeting anticancer agents. In
order to explore whether the apoptosis induction of complex 1 is
through a mitochondria pathway, the experiments of mitochondria
location and mitochondrial membrane potential detection were
carried out. MitoTracker® Deep Red FM (MTDRF) is a
mitochondrion-selective probe and is well-retained in the cell even
during the process of fixation of permeabilization [45]. It is well
suitable for labeling experiments at the present work because its
red fluorescence is well resolved from the green fluorescence of the
complex 1. As shown in Fig. 4A, the mitochondria were stained in
red with MTDRF (a), and the PC-12 cells treated with complex 1
(6.25 mM) emits green fluorescence (b). Themerge (c) of the red and
the green indicates that the complex can penetrate cell membrane
and cumulate in the mitochondria. It is worth mentioning that all
the biscylometalated Ir(III) complexes with a style of
[Ir(C,N)2(N,N,N)]þ show the prefer accumulation in and targeting at
mitochondria, the detailed action mechanism remains to be stud-
ied. The mitochondrion selectivity of this liposoluble cation with
one charge may be partially resulting from cation-p interactions
between the cation and circular DNA molecules in mitochondrion,
being similar to the binding between Ach (acetylcholine) and
cyclophane [46], this is just our speculation and needs more efforts
to be confirmed in our future researches.

JC-1 is a liquid crystal-forming cationic dye and a reliable probe
for analyzingMMPchanges occurring veryearly in apoptosis [47,48].
Upon excitation at 490 nm, the JC-1 in cytoplasm or in mitochon-
drion at lowmembrane potential assumes monomer and displays a
fluorescence emission centered at 537 nm (green), whereas it emits
an intense fluorescence at 579 nm (red) when it aggregates in
mitochondrion at highMMP [49]. The images of PC-12 cells (a) with
cccp (b, carbonylcyanide-m-chlorophenylhydrazone, positive con-
trol) and 6.25 mM (c) of complex 1 were shown in Fig. 4B. In the
control, JC-1 emits red fluorescence, and after the treatment with
cccp and the complex, the JC-1 in treated cells emits green fluores-
cence. The changes from the red to green indicate that the complex
can induce a decrease in the mitochondrial membrane potential. In
order to quantitatively investigate the relationship between the ef-
fect on the changes of MMP and the concentration of complex 1
used, the ratios of red/green fluorescent intensity were determined
by flow cytometry. In the control (Fig. 4C), the ratio of red/green
fluorescence is 3.13, andwhen PC-12 cells were exposed to 6.25 and
12.50 mM of complex 1, the ratios decrease to 1.72 and 1.61, respec-
tively. This result confirms that the complex can induce a decrease in
the MMP in a concentration-dependent manner.

3.6. Effect of the complex on cell cycle distribution and matrigel
invasion

The effect of complexes 1 on cell cycle of PC-12 cells was studied



Fig. 6. A Microscope images of invading PC-12 cells (a) that have migrated through the Matrigel induced by 6.25 (b) and 12.50 mM (c) of complex 1 for 24 h. B Cell invasion assay
result of 1 against PC-12 cell. *P < 0.05 represents significant differences compared with control. C The percentage of inhibiting cell invasion at 6.25 and 12.5 mM of 1.
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by estimating the relative number of cells in the different phases of
the mitotic cycle via fluorescence-activated (i.e. propidium iodide
stained) cell sorting. As shown in Fig. 5, in the control (a), the
percentage in the cells at G0/G1 is 57.90%. Following treatment with
12.5 mM of complexes 1, the percentage in the cells at G0/G1 is
66.98%. An obvious increase of 9.08% at G0/G1 phase compared
with the control was found, accompanied by a reduction of 8.95% at
S phase. This result indicates that the complex inhibits PC-12 cell
growth at G0/G1 phase.

Meanwhile, it is well commonly accepted that the tumor inva-
sion of basement membranes is one of the crucial steps in the
complex multistep event resulting to the successful formation of a
metastasis [50]. The transwell invasion assay for PC-12 cells was
studied by Matrigel invasion assay. As shown in Fig. 6, the number
of the invasion cells decrease upon being exposed to complex 1, and
the percentages of cell invasion inhibiting by complex 1 at 6.25 and
12.5 mM are calculated to be 17.4% and 44.2%, respectively. These
results demonstrate that the complex can effectively inhibit PC-
12 cell invasion and shows a concentration-dependent manner.

3.7. The expression of caspases and Bcl-2 family proteins

Caspase-3 and -7 are executioners of apoptosis as processing of
their substrates lead to morphological changes associated with
apoptosis, including DNA degradation, chromatin condensation,
and membrane blebbing [51].



Fig. 7. Western blot analysis of caspase 3, caspase 7, Bcl-2, Bcl-x, Bak in PC-12 cells
treated with different concentration of complex 1 for 24 h. GAPHD was used as internal
control.
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The activation of caspase 3 and procaspase 7 was assayed by
western blot. As shown in Fig. 7, after the treatment of PC-12 cells
with 6.25 and 12.50 mM of complexes 1 for 24 h, the expression of
caspase 3 was up-regulated, whereas the expression level of pro-
caspase 7 was down-regulated. Bcl-2 family proteins include anti-
apoptotic such as Bcl-2 and Bcl-x and proapoptotic proteins such as
Bak and Bid. Treatment of PC-12 cells with the complex led to a
decrease in the expression of Bcl-2 and Bcl-x, and induced an in-
crease in the expression of Bak and Bid. The results suggest that the
complex can regulate the expression levels of Bcl-2 family proteins.

4. Conclusions

A polypyridyl Ir(III) organometallic complex, [Ir(ppy)2(paip)]PF6
1, was synthesized and characterized. The complex shows high
cytotoxic activity in vitro toward PC-12 cells. Complex 1 can cause
apoptosis, increase the ROS levels and induce a decrease in the
mitochondrial membrane potential. And the complex inhibits the
cell growth in PC-12 cells at G0/G1 phase. Cell invasion assay
showed that the complex can effectively inhibit the cell invasion
and activate caspase 3 and procaspase 7, down-regulate the
expression of Bcl-2 and Bcl-x, up-regulate the expression levels of
Bak. In summary, the complex induces apoptosis in PC-12 cell
through a ROS-mediated mitochondrial dysfunction pathway. This
work is helpful for developing non-platinum anticancer drugs.
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