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ARTICLE INFO ABSTRACT

Keywords: Cisplatin and its analogs have been used for the treatment of various cancers, but their serious side effect has
Iridium(IIl) complexes limited clinical application. Presently, scientists are developing other metal drugs as an alternative of cisplatin.
BSA-binding In this paper, three new iridium(III) complexes [Ir(ppy).(adppz)]1(PFe) (adppz = 7-aminodipyrido[3,2-a:2,3’-c]

Cytotoxic activity in vitro and in vivo
Cell invasion
Lysosomes and mitochondria

phenazine; ppy = 2-phenylpyridine 1), [Ir(bzq).(adppz)]1(PFs) (bzq = benzo[h]quinolone 2) and [Ir(pi-
q)2(adppz)]1(PFs) (piq = 1-phenylisoquinoline 3) were synthesized and characterized. The complexes can ef-
fectively inhibit the cell colonies. The cytotoxicity in vitro of the complexes against A549, HepG2, SGC-7901,
BEL-7402 and normal NIH3T3 cells was evaluated by 3-(4,5-dimethylthiazole)-2,5-diphenyltetraazolium bro-
mide (MTT) methods. The intracellular reactive oxygen species (ROS) levels and Ca?" concentrations were
assayed. The mitochondrial membrane potential, a release of cytochrome c and the expression of B-cell lym-
phoma/leukemia-2 (Bcl-2) family protein have been investigated. The data reveal that the complexes 1-3 can
effectively inhibit the cell proliferation in A549 cells with low ICs, value of 3.2 = 0.4uM, 4.8 + 0.5uM and
1.2 = 0.2pM, respectively. The antitumor in vivo shows that complex 3 can inhibit tumor growth with an
inhibitory rate of 76.34%. The studies on the mechanism indicate that these complexes cause apoptosis in A549
cell via a ROS-mediated lysosomal-mitochondrial dysfunction pathway. In addition, the interaction of the

complexes with BSA was explored.

1. Introduction

Cancer has become one of the major diseases that endanger human
health. Its incidence is getting higher and higher, and the mortality rate
remains high [1-3]. It is one of the most difficult diseases to cure today.
Lung cancer is one of the highest incidence among all malignancy in
China, and it is also the “first killer” of cancer death. At present, che-
motherapy is the main method for treating most cancers, and the most
widely used treatment for lung cancer is cisplatin. Since Rosenberg first
discovered that cisplatin has antitumor activity, platinum metal drugs
have become one of the most active research and development fields,
among which cisplatin, carboplatin and oxaliplatin have been widely
used as anticancer drugs, but due to their high toxicity and adverse side
effects, which triggered people to seek different metal anticancer drug
as alternatives of cisplatin [4-19]. In recent year, the studies of iridium
(III) complexes as potent anticancer reagents have triggered extensively
interest. So far, a lot of iridium(III) complexes exhibit unique anticancer
activity [20-30]. In our previous work, we reduced -NO, into -NH,, the
corresponding ruthenium(II) complexes reveal higher cytotoxic activity
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than the complexes containing -NO, [31,32]. In particular, the ICso
values of complex [Ru(dmp),(NHPIP)](ClO,4), containing -NO, toward
BEL-7402, HeLa, MCF-7 and MG-63 cells are 12.4 + 1.4,18.5 + 2.1,
15.5 = 1.2 and 16.9 = 1.7 uyM. However, the -NO, was reduced into
-NH,, the complexes [Ru(dmp)>(AHPIP)](ClO4)> (dmp = 2,9-dimethyl-
1,10-phenanthroline, AHPIP = 2-(3-amino-4- hydroxylphenyl)imidazo
[4,5-f1[1,10]phenanthroline) show higher anticancer activity and the
ICs values are 5.4 = 0.5, 6.8 = 0.7, 5.1 * 0.4 and 6.5 = 0.4uM
against the above cancer cell lines [32]. Thus, we consider reducing
-NO, into -NH,, the anticancer activity of the complexes will be en-
hanced. Additionally, the ruthenium(II) complexes [Ru(dmp).(adppz)]
(ClO4), (adppz = 7-aminodipyrido[3,2-a:2’,3’-c]phenazine) also dis-
play high anticancer effect on A549, BEL-7402, MG-63 and SKBR-3 cells
[33]. In our recent work, we found that [Ir(piq),(ndppz)](PFs)
(ndppz = 7-nitrodipyrido[3,2-a:2’,3’-c]phenazine) with -NO, as sub-
stituent group shows high anticancer activity against A549 cells with an
ICsp value of 3.4 = 0.2uM [34]. The obtained above information sti-
mulates us to reduce -NO, to -NH,, further explore the anticancer ac-
tivity. Hence, in this paper, we reduced -NO, into -NH,, and
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Scheme 1. Structures of complexes 1, 2 and 3

corresponding three new iridium(IlI) complexes: [Ir(ppy)2(adppz)]
(PFs) (1) (ppy = 2-phenylpyridine, adppz = 7-aminodipyrido[3,2-
a:2’,3’-c]phenazine), [Ir(bzq),(adppz)](PFs) (2) (bzq = benzo[h]qui-
nolone) and [Ir(piq)>(adppz)1(PFs) (3) (piq = 1-phenylisoquinoline,
Scheme 1) were prepared and characterized by elemental analysis, ESI-
MS, 'H NMR and '3C NMR. The cell viability of A549, HepG2, SGC-
7901, BEL-7402 and normal NIH3T3 cells induced by the complexes
was evaluated by 3-(4,5-dimethylthiazole)-2,5-diphenyltetraazolium
bromide (MTT) methods. The complexes show high inhibitory effect on
cell growth in A549 cells, the ICs5, values are 3.2 + 0.4 for 1,
4.8 = 0.5for2and 1.2 + 0.2puM for 3, respectively. The intracellular
reactive oxygen species, mitochondrial membrane potential, in-
tracellular Ca™* levels, release of cytochrome c, apoptosis induced by
the complexes was investigated under fluorescence microscope. The
cell cycle distribution was assayed by flow cytometry. Additionally, the
antitumor activity in vivo and the effect of the complexes on heart,
lung, liver and kidney tissue were studied.

2. Experimental
2.1. 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. RPMI 1640 were purchased from
Sigma. 1,10-Phenanthroline was obtained from the Guangzhou Chemical
Reagent Factory. The cancer cell lines of BEL-7402 (human hepatocellular
carcinoma), SGC-7901 (human gastric adenocarcinoma), A549 (human
lung carcinoma), HepG2 (human hepatocellular carcinoma) and normal
NIH3T3 cells (human liver cells) were purchased from the American Type
Culture Collection. MitoTracker ® Deep Red FM (150 nM, A, = 575nm,
Aem = 600nm), 2’,7’-dichlorodihydro-fluorescein diacetate (DCHF-DA,
10 UM, Aex = 488nm, Ay, = 525nm), Fluo-3 AM (Molecular Probes,
Eugene, OR, 2.5 M, Ao = 488 nm, Ay, = 525nm), 5,5,6,6"-tetrachloro-
1,17,3,3"-tetraethylbenzimidazolylcarbocyanine  iodide (JC-1, A=
514 nm, Aey, = 529 nm). IrCly3H,0 was purchased from the Kunming
Institution of Precious Metals. Microanalysis (C, H, and N) was carried out
with a PerkinElmer 240Q elemental analyzer. Electrospray ionization mass
spectra (ESI-MS) were recorded on a LCQ system (Finnigan MAT, USA)
using acetonitrile as the mobile phase. The spray voltage, tube lens offset,
capillary voltage and capillary temperature were set at 4.50 kV, 30.00V,
23.00V and 200 °C, respectively, and the quoted m/z values are for the
major peaks in the isotope distribution. "H NMR and '>C NMR spectra
were recorded on a Varian-500 spectrometer with DMSO-dg as a solvent
and tetramethylsilane (TMS) as an internal standard at 500 MHz at room
temperature.

2.2. Synthesis of complexes

2.2.1. Synthesis of [Ir(ppy).(adppz)]PFs (1)

A mixture of cis-[Ir(ppy)2Cl], [35] (0.15g, 0.14 mmol) and adppz
(0.149 g, 0.50 mmol) [33] in a mixture of 42 mL dichloromethane and
methanol (Vcpaci2:Venson = 2:1) was refluxed under argon for 6h to
give a clear yellow solution. Upon cooling, a yellow precipitate was
obtained by dropwise addition of saturated aqueous NH4PF¢ solution
with stirring at room temperature for 2 h. The solvent was removed and
the crude product was purified by column chromatography on neutral
alumina with a mixture of CH,Cl,-acetone (1:3, v/v) as eluent. The red
band was collected. The solvent was removed under reduced pressure
and a red powder was obtained. Yield: 79%. Anal. Calc for
C40H27NIrPFg: C, 50.95; H, 2.89; N, 10.40%. Found: C, 50.83, H, 2.76,
N, 10.55%. 'H NMR (DMSO-dg, 500 MHz): § 9.40 (d, 2H, J = 8.5 Hz),
8.28 (dd, 2H, J = 8.0, J = 8.5Hz), 8.21 (d, 2H, J = 5.0 Hz), 8.04-7.86
(m, 6H), 7.67 (d, 1H, J = 5.5Hz), 7.63 (d, 2H, J = 6.0 Hz), 7.55 (d, 1H,
J =7.0Hz), 7.08-7.01 (m, 4H), 6.96 (t, 2H, J = 6.5 Hz), 6.84 (s, 1H),
6.29 (dd, 2H, J = 7.5, J = 7.5Hz), 4.56 (s, 2H). 3C NMR (125 MHz,
DMSO-dg): 166.91, 166.88, 153.01, 151.27, 150.21, 150.00, 149.97,
149.54, 148.91, 147.47, 145.24, 144.09, 139.42, 138.85, 137.73,
134.79, 134.09, 133.79, 131.26, 131.15, 130.63, 130.51, 130.36,
128.06, 127.88, 126.66, 125.15, 123.90, 122.53, 120.03. ESI-MS
(CH5CN): m/z 796.2 ([M-PFg] ™).

2.2.2. Synthesis of [Ir(bzq)2(adppz)]PFes (2)

This complex was synthesized in a manner identical to 1, with [Ir
(bzq)»Cl]5 [35] in place of [Ir(ppy).Cll,. Yield: 71%. Anal. Calcd. for
Ca4HoyN,IrPFg: C, 53.33; H, 2.75; N, 9.89%. Found: C, 53.44, H, 2.83,
N, 9.96%. 'H NMR (500 MHz, DMSO-dg): § 9.31 (d, 2H, J = 8.0 Hz),
8.52 (dd, 2H, J = 8.0, J = 8.0 Hz), 8.25 (dd, 4H, J = 8.0, J = 8.0 Hz),
8.01 (d, 4H, J =6.0Hz), 7.88 (d, 4H, J = 8.5Hz), 7.56 (d, 4H,
J=7.0Hz), 7.21 (t, 2H, J = 7.5Hz), 6.85 (s, 1H), 6.31 (dd, 2H,
J=6.5, J=7.0Hz), 3.46 (s, 2H), °C NMR (DMSO-ds, 125 MHz):
156.36, 152.96, 151.75, 150.68, 149.30, 149.26, 149.19, 147.87,
146.75, 145.52, 145.21, 140.38, 139.42, 137.69, 137.64, 136.86,
136.16, 134.79, 134.08, 133.79, 133.26, 132.56, 131.09, 130.80,
130.58, 130.47, 129.77, 129.54, 128.57, 128.36, 128.04, 127.98,
127.79, 127.49, 127.12, 126.74, 126.59, 126.05, 125.67, 124.27,
123.93, 123.78, 122.79, 122.39. ESI-MS (CH3CN): m/z 844.2
([M-PFg] *).

2.2.3. Synthesis of [Ir(piq).(adppz)]PFs (3)

This complex was synthesized in a manner identical to 1, with [Ir
(piq)2Cl], [35] in place of [Ir(ppy)2Cllo. Yield: 72%. Anal. Calc for
CasHa1N,IrPF: C, 55.28; H, 3.00; N, 9.40%. Found: C, 55.45, H, 2.87,
N, 9.51%. 'H NMR (500 MHz, DMSO-dg): 6 9.35 (d, 2H, J = 8.0 Hz) ,
9.02 (d, 2H, J = 5.0 Hz), 8.41 (d, 2H, J = 5.5 Hz), 8.08-7.93 (m, 6H),
7.86 (dd, 6H, J = 7.0, J = 7.0Hz), 7.59-7.46 (m, 4H), 7.17 (t, 2H,
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J = 7.5Hz), 7.04 (d, 1H, J = 7.0Hz), 6.96 (t, 2H, J = 7.5Hz), 6.84 (s,
2H), 3.42 (s, 2H). 167.91, 167.86, 153.39, 153.00, 151.21, 150.16,
148.72, 147.26, 145.43, 145.21, 141.17, 139.35, 137.73, 136.63,
134.73, 134.02, 133.79, 132.15, 131.73, 130.74, 130.49, 129.48,
128.03, 127.76, 126.67, 126.51, 125.61, 122.51, 122.25. ESI-MS
(CH5CN): m/z 898.2 ([M-PF¢] 1).

2.3. Colony formation

A549 cells were inoculated into a six-well plate to make the cell
density of each well of 5 x 10*. After 24h, complexes 1 (4.2 uM), 2
(4.8uM) and 3 (1.2uM) were added into the wells. After A549 cells
were exposed to the complexes for 24 h, the medium was discarded and
new medium was added, the cell colonies were grown for 10 days, then
the medium was discarded, the cells were washed with phosphate
buffered saline (PBS) three times and fixed with paraformaldehyde
solution for 20 min, and then stained with crystal violet (0.1%, w/v) for
20 mins, the cells were imaged under light microscope.

2.4. Cytotoxicity assay in vitro

MTT assay procedures were used to evaluate the cytotoxic activity
of the complexes against the above cell lines [22,36]. After the cells
were treated by the different concentrations of the complexes (dissolved
in DMSO and final concentration of DMSO is 0.05%, v/v) for 48 h, the
stock MTT dye solution (20 uL, 5mgmL ') was added to each well.
After 4h, buffer (100 puL) containing dimethylformamide (50%) and
sodium dodecyl sulfate (20%) was added to solubilize the MTT for-
mazan. The optical density of each well was measured with a micro-
plate spectrophotometer at a wavelength of 490 nm. Each experiment
was repeated at least three times to obtain mean values.

2.5. Location of the complexes at the lysosomes

A549 cells were incubated with 0.6 uM of complexes 1-3 for 3 h and
stained with LysoTracker Red (150 nM) at 37 °C for 0.5h. The wells
were washed three times with ice-cold PBS, then the cells were imaged
under a fluorescence microscope.

2.6. Detection of lysosomal membrane permeabilition

A549 cells were exposed to 0.6 uM of complexes 1-3 for 24 h and
further co-incubated with AO (1 pgmL~') at 37°C for 0.5h. Upon
completion of the incubation, the wells were washed three times with
ice-cold PBS. After discarding the culture medium, the cells were im-
aged under a fluorescence microscope.

2.7. Reactive oxygen species (ROS) detection

A549 cells were cultured in RPMI (Roswell Park Memorial Institute)
1640 medium supplemented with 10% FBS (Fetal Bovine Serum) and
incubated at 37 °C in 5% CO,. The cells were treated with different
concentrations of the complexes (DMSO concentration, 0.05% v/v) for
24 h. The fluorescent dye 2’,7’-dichlorodihydro-fluorescein diacetate
(DCHF-DA, 10 uM) was added for 30 min and the cells were washed
twice with cold PBS-EDTA. The cells were collected by trypsinization
and centrifugation at 1500 rpm for 5min. The DCF fluorescence in-
tensity was determined by flow cytometry.

2.8. Location of the complexes at endoplasmic reticulum and measurement
of intracellular Ca®* levels

2.8.1. Location of the complexes at endoplasmic reticulum

Appropriate A549 cells were placed in a 12-well microassay plate,
placed in a 37 °C, 5% CO,, incubator, and 1.2 uM of complexes 1-3 were
added to the well for 3 h, then ER-Tracker Red (667 nM) was incubated

Journal of Inorganic Biochemistry 201 (2019) 110822

at 37 °C for 0.5h and then incubated with DAPI (100 uM) for 0.5h at
37 °C. After the incubation was completed, the wells were washed three
times with HBSS (Hank's Balanced Salt Solution) with Ca®* & Mg2™"
and the cells were imaged under a fluorescence microscope.

2.8.2. Measurement of intracellular Ca®* levels

A549 cells were seeded into chamber slides in 12-well plates and
incubated for 24 h. The cells were treated with 0.6 pM of the complexes
(DMSO concentration, 0.05% v/v) for 24 h. The cells were washed with
PBS twice. Then the cells were stained with Fluo-3 AM (Molecular
Probes, Eugene, OR, 2.5uM) for 30 min and washed with PBS twice.
After this, the cells were stained with DAPI (2-(4-amidinophenyl)-6-
indolecarbamidine dihydrochloride, 10 pg mL™ 1) for 30 min and wa-
shed with PBS twice. The cells were imaged and analyzed under the
Molecular Devices.

2.9. Location assay of the complexes in the mitochondria

A549 cells were incubated with 3.0 uM of the complexes for 2 h and
further co-incubated with MitoTracker ® Deep Red FM (150 nM) at
37°C for 0.5h. Upon completion of the incubation, the wells were
washed three times with ice-cold PBS. Then the cells were imaged
under a fluorescence microscope.

2.10. Mitochondrial membrane potential assays

A549 cells were treated with different concentrations of the com-
plexes for 24 h and then washed three times with cold PBS. The cells
were detached with trypsin—-EDTA (Ethylene Diamine Tetraacetie Acid)
solution. The collected cells were incubated for 20 min with 1 pg mL ™"
of JC-1 (5,5,6,6’-tetrachloro-1,1%,3,3"-tetraethylimidacarbocyanine io-
dide). The cells were then immediately centrifuged to remove the su-
pernatant. The ratio of red/green fluorescence intensity was de-
termined by flow cytometry.

2.11. Determination of ATP content

A549 cells (5 x 10°) were plated in a 6-well plate. 3.2, 4.8 and
1.2 uM of complexes 1, 2 and 3 were incubated for 24 h. The cells were
lysed and collected by centrifugation, and the supernatant was ex-
tracted for subsequent determination. The ATP content of the sample
was determined by an enhanced ATP (Adenosine triphosphate) detec-
tion kit (Beyotime, China). The concentration of ATP was calculated.

2.12. Release of cytochrome c

A549 cells were treated with 0.6 uM of the complexes (DMSO con-
centration, 0.05% v/v) for 24 h. The cells were washed twice with PBS
and the cells were fixed with stationary liquid overnight at 4 °C. Then
the cells were incubated with confining liquid for 1h, washed with
PBST (Phosphate Buffer Saline, Tween-20) three times. Finally, the cells
were incubated with primary antibody of human cytochrome c for 24 h.
The cells were incubated with fluorescein conjugated anti-mouse sec-
ondary antibody and stained with DAPI.

2.13. Comet assay

DNA damage was investigated by means of comet assay. A549 cells
in culture medium were incubated with 1.2 uM of complexes 1-3 for
24 h at 37 °C. The cells were harvested. A total of 100 uL 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 set. 50 uL of the
cell suspension (200 cells per pL) was mixed with 50 pL of 1% low
melting agarose preserved at 37 °C. A total of 100 pL of this mixture was
applied quickly on top of the gel, coated over the microslide, covered
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Fig. 1. Inhibition of A549 (a) cell colonies induced by ICsq

Table 1

ICs0 (UM) values of the complexes toward the selected cancer cell lines.
Complex  A549 BEL-7402 SGC-7901 HepG2 NIH 3T3
adppz 25.6 = 2.0 > 200 61.1 = 59 > 200 > 200
1 3.2 =04 7.4 = 1.6 49 * 0.6 154 £ 22 128 * 1.6
2 48 = 0.5 46 = 1.5 1.3 = 0.04 5.7 = 0.8 11.4 = 2.0
3 1.2 £ 0.2 49 = 1.3 24 = 0.5 17.3 £ 2.7 5.1 = 0.7
cisplatin 7.5 = 1.3 108 £ 1.6 36 = 0.5 125 = 1.5 nd

nd: not determination.

immediately with a coverslip, and then placed at 4 °C for 10 min. The
coverslip was again removed after the gel had set. A third coating of
50 pL of 0.5% low melting agarose was placed on the gel and allowed to
set 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 solu-
tion (2.5M NaCl, 100 mM EDTA, 10 mM Tris, 90 mM sodium sarcosi-
nate, 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 elec-
trophoresis 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
electrophoresis solution. Then the electrophoresis was carried out at
25V and 300 mA for 20 min. After electrophoresis, the slides were re-
moved, washed thrice with a neutralization buffer (400 mM Tris, HCI,
pH7.5). The cells were stained with 20 pL of EB (Ethidium Bromide,
20 ugmL ™) 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 under a fluorescent microscopy.

2.14. Apoptosis assays by AO/EB staining and flow cytometry

A549 cells were cultured in RPMI 1640 containing 10% of FBS and
incubated at 37 °C in 5% CO, for 24 h, the cells were treated with the
complexes (0.6 pM) (DMSO concentration, 0.05% v/v) for 24 h. The
cells were washed with ice-cold PBS, and fixed with formalin (4%, w/v).
The cell nuclei were counterstained with acridine orange (AO) and
ethidium bromide (EB) (AO: 100ugmL~!, EB: 100 pgmL™') for
10 min. Then the cells were observed and imaged under a fluorescence
microscope (Nikon, Yokohama, Japan) with excitation at 350 nm and
emission at 460 nm.

After chemical treatment, A549 cells (1 x 10°) were harvested,
washed with PBS, fixed with 70% ethanol, and finally maintained at
4°C for 24 h. The pellets were stained with 50 pg mL ™! PI (propidium
iodide) and 1 mg mL~! Annexin V in PBS on ice in the dark for 15 min.
The fluorescence emission was measured at 530 nm (excitation at
488 nm) with a FACS Calibur flow cytometry (Beckman Dickinson &
Co., Franklin Lakes, NJ). A minimum of 10,000 cells were analyzed per
sample.
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values of complexes 1 (b), 2 (¢) and 3 (d) for 10 days.

2.15. Matrigel invasion assay

A549 cells (4 x 10%) in serum free medium containing different
concentrations of the complex were seeded into the top chamber of the
two-chamber Matrigel system. RPMI 1640 medium (20% FBS) was
added into the lower chamber. The 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% paraf-
ormaldehyde and stained with 0.1% crystal violet. The mean values
from three independent assays were calculated.

2.16. Cell cycle arrest by flow cytometry

A549 cells were seeded into six-well plates (Costar, Corning Corp,
New York) at a density of 2 X 10° cells per well and incubated for 24 h.
The cells were cultured in RPMI 1640 medium supplemented with 10%
FBS and incubated at 37 °C in 5% CO,. The cells were incubated with
the complexes (1.2 uM) (DMSO concentration, 0.05% v/v) for 24 h, the
cell layer was trypsinized and washed with cold PBS and fixed with
70% ethanol. 20 uL of RNAse (0.2mgmL~") and 20 uL of propidium
iodide (0.02mgmL~") were added to the cell suspensions and they
were incubated at 37 °C for 30 min. Then the cells were analyzed with a
FACS Calibur flow cytometer.

2.17. Fluorescence spectroscopy

All BSA (Bovine Serum Albumin) solutions were prepared in the
5mM Tris—-HCl/10 mM NacCl buffer (pH = 7.4). The BSA stock solution
was stored at 4 °C in the dark and used within 2 h. Quenching of BSA
was performed by taking a fixed concentration of the BSA solution
(5 x 10"3M BSA) with increasing amounts of the iridium(III) com-
plexes. The fluorescence spectra were recorded at an excitation wave-
length of 280 nm and emission was observed at room temperature after
each addition of the quencher and results were analyzed.

2.18. Expression of caspases and Bcl-2 family proteins induced by the
complexes

A549 cells were incubated with 1.2uM of the complexes in the
presence of 10% FBS for 24 h. The cells were harvested in lysis buffer.
After sonication, the cells were centrifuged for 20 min at 13000 g. The
protein concentration of the supernatant was determined by BCA (bi-
cinchoninic acid) assay. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis was performed by loading equal amounts of protein per
lane. The 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 incubated 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 this, the membranes were
incubated with secondary antibodies conjugated with horseradish
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A LysoTracker Red Ir(lll) complexes
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Merge

Fig. 2. (A) Location of the complexes at the lysosomes after A549 cells were treated with 1.2 pM of complexes 1-3 for 3 h. (B) Assays of lysosomal permeabilization
after A549 cells (a) were exposed to 1.2 uM of complexes 1 (b), 2 (c¢) and 3 (d) for 6 h and the cells were stained with AO.

peroxidase (diluted at a ratio of 1:5000) for 1 h at room temperature
and then washed four times with TBST. The blots were visualized using
Amersham ECL Plus western blotting detection reagents according to
the manufacturer's instructions. -actin was used as internal control.

2.19. Evaluation of antitumor activity in vivo

Mice with human tumor xenografts were provided by the
Laboratory Animal Center of Sun Yat-Sen University (Guangzhou). All
animal procedures were approved by the Animal Ethical Committee of
Guangdong Pharmaceutical University. Different doses of 1.14 and
2.28 mg/kg of complex 3 were injected intraperitoneally into mice of
different group (each group contained 6 mice) once a day for eight
consecutive days beginning 24 h after inoculation. This dose was the
maximum tolerated dose based on our preliminary studies. Cisplatin
(2 mg/kg) was used as a positive control. The mice in the control were
injected with the vehicle. Compounds were administered by exact body
weight, with the injection volume being not > 0.2 mL. The weights of
the animals were recorded every 1 day. All animals were sacrificed on
the eighteenth days after tumor inoculation, and the tumors were ex-
cised and weighed. The inhibitory rate was calculated as follow:

[(C — T)/C] x 100%

T is the average tumor weight of the treated group and C is the

average tumor weight of the negative control group [37].

2.20. Data analysis

All data were expressed as mean =+ SD. Statistical significance was
evaluated using t-tests. Differences were considered to be significant
when the *P value was < 0.05.

3. Results and discussion
3.1. Inhibition of colonies

One of the characteristics of tumor cells is that they can migrate and
proliferate in new sites and form secondary tumors. Therefore, studying
colony formation is an important way to study tumor cell metastasis.
We studied the inhibition of A549 cell colonies after A549 cells were
treated with the complexes 1 (3.2 M), 2 (4.8 uM) and 3 (1.2 uM) for
10 days. As shown in Fig. 1, the cell colonies treated with the complexes
were obviously inhibited compared with the control group. Hence, the
complexes can effectively inhibit the cells to form colonies.

3.2. Cytotoxicity in vitro studies

The cytotoxic activity in vitro of complexes 1, 2, and 3 against
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Fig. 4. Location of the complexes at endoplasmic reticulum after A549 cells were exposed to 1.2 uM of the complexes for 3 h.
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Fig. 5. (A) Intracellular Ca?* levels were assayed after A549 cells were exposed to 0.6 UM of 1, 2 and 3 for 24 h. (B) The integrated fluorescent intensity/cell was
determined after A549 cells were treated with different concentrations of the complexes for 24h. *P < 0.05 represents significant differences compared with

control.
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Fig. 6. (A) Location assays of the complexes in the mitochondria. (B) The mitochondrial membrane potential was determined under fluorescent microscope while
A549 cells (a) were treated with CCCP (b, positive control), 1.2 pM of 1 (c), 2 (d) and 3 (e) for 3 h. (C) The ratio of red/green fluorescence intensity was determined
while A549 cells were incubated with different concentrations of the complexes for 24 h. *P < 0.05 represents significant differences compared with control. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
ATP amount in the cells.

Complex ATP amount (uM)
Control 0.741
1 0.738
2 0.658
3 0.622

cancer A549, BEL-7402, SGC-7901, HepG2 and normal NIH3T3 cells
was evaluated by MTT methods, and cisplatin was used as a positive
control. The data are expressed as ICso values (50% inhibitory con-
centration), which is defined as the compound concentration that re-
duces cell proliferation by 50% and are shown in Table 1. As

expectation, ligand adppz shows low against A549 and SGC-7901 cells,
and no cytotoxic activity against cancer BEL-7402, HepG2 and normal
NIH 3 T3 cells. Complexes 1-3 reveal strong inhibitory effect on the cell
growth toward the selected cancer cells, their ICso values range from
1.2 + 0.2t017.3 £ 2.7 uM. In particular, complexes 1, 2 and 3 shows
high ability to inhibit the cell growth in A549 and SGC-7901 cells.
Among the three complexes, complexes 3 and 2 display the highest
anticancer activity against A549 and SGC-7901 cells, with a low ICsq
value of 1.2 + 0.2 and 1.3 = 0.04 uM, respectively. Hence, different
complex exhibits different anticancer effect on the different cancer
cells. Although complexes 1-3 contain the same main ligand adppz,
different ancillary ligands ppy for 1, bzq for 2 and piq for 3 result in
different anticancer activity. Comparing the ICs, values of the com-
plexes 1-3 with [Ir(L)»(ndppz)]1(PFe) (L = ppy, Ir-1; bzq, Ir-2; piq, Ir-3)
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Fig. 7. (A) The release of cytochrome ¢ was assayed after A549 cells (a) were exposed to 0.6 uM of 1, 2 and 3 for 24 h. (B) The integrated fluorescent intensity/cell
was determined after the treatment of A549 cells with different concentration of the complexes for 24 h. *P < 0.05 represents significant differences compared with

control.

Fig. 8. Comet assay of A549 (a) exposure to H,O, (positive control, 100 uM, b) and 1.2 uM of 1 (c), 2 (d) and 3 (e) for 24 h.

[34], complexes 1-3 reveal comparable cytotoxic activity with Ir-1, Ir-
2 and Ir-3 toward A549 and BEL-7402 cells. However, complexes 1
(IC50 = 4.9 = 0.6uM) and 3 (ICso = 2.4 = 0.5uM) show lower cy-
totoxicity against SGC-7901 cells than Ir-1 (ICso = 1.8 = 0.4 uM) and
Ir-3 (ICso = 0.8 = 0.1 uM). These differences may be attributed to the
different amount of cellular uptake. In addition, complexes 1, 2 and 3
show higher cytotoxicity than cisplatin and comparable with complexes
[Ir(ppy)2(THPDP)](PF¢) (THPDP = 11-(6,7,8,9-tetrahydrophenazin-2-
yDdipyrido[3,2-a:2’,3’-c]phenazine, ICso = 1.4 * 0.03uM) [38] and
[Ir(ppy)2(BDPIP)(PFs)  (BDPIP = 2-(1-benzo[d]dioxol-5-yl)propan-2-
yD)- 1H-imidazo[4,5-f][1,10]phenanthrene, IC5q = 3.6 + 0.3 uM) [39]
toward A549 cells. Regretfully, complexes 1, 2 and 3 also exhibit cy-
totoxic activity toward normal NIH 3T3 cells. Because A549 cells are
sensitive to 1, 2 and 3, this cell line was selected for undergoing the
following experiments.

3.3. Location of the complexes at the lysosomes and lysosomal
permeabilization

Lysosomes are acidic intracellular organelles that are involved in
several cellular processes, including receptor degradation, autophagy,
apoptosis, post-translational protein maturation, and the extracellular
release of active enzymes [40-42]. To evaluate whether the complexes
target the lysosomes, the location of the complexes at the lysosomes
was investigated. After A549 cells were incubated with 1.2uM of
complexes 1-3 for 3 h, the lysosomes are stained red with LysoTracker
red, whereas the complexes emit green fluorescence. The overlap hints
that the complexes may enter into the lysosomes (Fig. 2A). The Pear-
son's colocalization coefficient (PCC) was obtained by analyzing the red
and green fluorescent intensity in 50 cells according to literature [43].
The PCC value is 0.3598, which shows a positive correlation. Whereas
lysosomal membrane permeabilization (LMP) can release the lysosomal
constituents, which further cause cell death. Fig. 2B shows that a de-
crease in the red and an increase in the green fluorescence was

10

observed, indicating that complexes 1, 2 and 3 can enhance lysosomal
permeabilization, which further confirms that the complexes inhibit the
cell growth by targeting the lysosomes.

3.4. Intracellular reactive oxygen species (ROS) levels

ROS is defined as containing oxygen free radicals and peroxides,
and it is easy to form free radicals related to oxygen metabolism in the
body. Accumulation of ROS in cells can induce mitochondrial dys-
function, which promotes the release of cytochrome ¢, and further
cause apoptosis. DCFH-DA was used as fluorescence probe to examine
intracellular ROS levels. In the presence of intracellular ROS, DCFH-DA
is converted into high fluorescence DCF. Fig. 3A shows that the treat-
ment of A549 cells with the complexes, the green fluorescence increases
compared with that in the control, which indicates that these complexes
can boost intracellular ROS levels. In addition, to compare the effi-
ciency of the complexes 1, 2 and 3 on the ROS levels, DCF fluorescence
intensity was assayed. As shown in Fig. 3B, 1.2 uM of complexes 1, 2
and 3 give rise to an increasement of 35.97, 34.97 and 329.06 times in
the DCF fluorescence than that in the control, respectively. Moreover,
complex 3 displays the highest efficiency to generate intracellular ROS
levels among these complexes.

ROS include superoxide anion and NO free radical, etc. The super-
oxide anion O, was also investigated using DHE (Dihydroethidium) as
fluorescence probe. As shown in Fig. 3C, the treatment of A549 cells (a)
with 0.6 uM of complexes 1 (b), 2 (c¢) and 3 (d) for 24 h, the red
fluorescence intensity increases. The DHE red fluorescence intensity
was determined and shown in Fig. 3D, the DHE red fluorescence in-
tensity increases 9.15 for 1, 2.32 for 2 and 12.65 times for 3 than that in
the control. These results further confirm that the complexes can en-
hance intracellular ROS levels. P38MARK (Mitogen-Activated Protein
Kinase) plays an important role in the occurrence, apoptosis and me-
tastasis of tumor cells. pP38MARK includes four subtypes of p38a, p38p,
p38y and p388, of which p38y is highly expressed in several human
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Fig. 9. (A) Apoptosis assays of A549 cells (a) exposed to 0.6 pM of 1 (b), 2 (c) and 3 (d) for 24 h and the cell nuclei were stained with AO/EB. (B) The apoptotic
percentage of A549 cells (a) were treated with ICsq values of 1 (b and e), 2 (c and f), and 3 (d and g) for 24 or 48 h.

tumor cell lines. Western blot analysis was used to detect the expression
of p38MARK in the drug-treated group and the blank group. As shown
in Fig. 3E, the results showed that the expression of p38MARK in the
drug-treated group was significantly increased compared with the blank
group, indicating that the complexes 1-3 can regulate the expression of
P38MARK, which further suggests that the complexes can induce
apoptosis in A549 cells.

3.5. Location of the complexes at the endoplasmic reticulum and detection
of intracellular Ca®™ levels

It is well known that the endoplasmic reticulum can store Ca>*, and
Ca®* in the endoplasmic reticulum is released into the cytoplasm,
which can activate a calcium channel on the plasma membrane of the
cell. Ca®* in the mitochondrial matrix rapidly increases, causing mor-
phological changes, such as swelling and fragmentation, leading to the
onset of mitochondria mediated apoptosis. To detect whether the
complexes act on the endoplasmic reticulum, A549 cells were treated
with 1.2 puM of the complexes for 3 h, the cells were stained with ER
Tracker Red and DAPIL. As shown in Fig. 4, the endoplasmic reticulum
was stained red, the complexes emit green fluorescence, the overlap of
the red, green and blue (DAPI) indicates that the complexes act on the
endoplasmic reticulum. On the other hand, calcium ion is involved in
numerous cellular processes such as fertilization, development, differ-
entiation, and cell death through changing Ca®* cytoplasmic con-
centrations to control different cellular functions [44-47]. Fluo-3AM
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(AM = 1-[2-Amino-5-(2,7-dichloro-6-acetoxymethoxy-3-0x0-9-xan-
thenyl)phenoxy]-2-(2-amino-5-methylphenoxy)ethane-N,N,N’,N’-tetra-
acetic acid, tetra(acetoxymethyl)ester) as a fluorescent dye can pene-
trate cell membranes. The fluorescence of Fluo-3AM is very weak and
its fluorescence does not increase with increasing calcium concentra-
tion. However, in the cells, Fluo-3AM is converted into Fluo-3, which
combines with Ca®?* to be transferred into fluorescent Fluo-3-Ca®*.
After the drug acts on the cells, it causes the continuous open of the
Ca®™ channels, resulting in changes in mitochondrial and endoplasmic
reticulum Ca?" levels, which in turn causes apoptosis [48-50]. As
shown in Fig. 5A, a weak green fluorescence was discovered in the
control (a). However, 0.6 uM of complexes 1-3 treated A549 cells for
24h, a number of bright green fluorescence points were observed,
which suggested that intracellular Ca®>* levels were increased. To
quantify the efficiency of the complexes on intracellular Ca®* levels,
Fluo-3-Ca®* fluorescence intensity was determined by ImageXpress
Micro XLS. See from Fig. 5B, the fluorescence intensity of fluo-3-Ca®™*
increases 6.30 for 1, 5.93 for 2 and 15.17 times for 3 than that in the
control and abides by the order of complex 3 > 1 > 2 while A549
cells were incubated with 1.2 uM of the complexes. This is in accord
with that of cytotoxicity of the complexes toward A549 cells.

3.6. Location and mitochondrial membrane potential assays

The mitochondrion is an essential organelle that plays a crucial role
in energy production; its dysfunction would induce irreversible cell
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apoptosis in a short time [51]. Reduction of mitochondrial membrane
potential is a hallmark of early apoptosis [52,53]. To study whether the
complexes target the mitochondria, MitoTracker red was used to stain
mitochondria. See from Fig. 6A, the mitochondria were stained red
(control, a). While the complexes emit green fluorescence after A549
cells were incubated with 1.2 uM of complexes 1 (b), 2 (¢) and 3 (d) for
3 h. The merge suggests that the complexes interact with mitochondria.
The Pearson's colocalization coefficient (PCC) was obtained by ana-
lyzing the red and green fluorescent intensity in 50 cells according to
literature [43]. The PCC value is —0.5828, which shows a negative
correlation. In the assay of mitochondrial membrane potential (MMP),

12

JC-1 was used as fluorescence probe. See from Fig. 6B, high MMP was
observed because JC-1 emits red fluorescence (control, a). However,
A549 cells were incubated with 1.2 uM of complexes 1 (b), 2 (c) and 3
(d) for 24h, low MMP was observed owing to JC-1 emitting green
fluorescence. Obviously, complexes 1-3 can cause a reduction of MMP.
To further observe the effect of complexes 1-3 on MMP, the values of
red versus green fluorescence were measured. As shown in Fig. 6C,
treatment of A549 cells with CCCP (carbonylcyanide-m-chlor-
ophenylhydrazone, a positive control) and different concentration of
complexes 1-3 led to a decrease of the values of red versus green
fluorescence.

3.7. Determination of ATP content

As the most direct source of energy in cells, ATP plays a vital role in
the cell growth cycle. Some functions of cells are affected by changes in
intracellular ATP amounts When the cells are in apoptotic, the ATP
content will decrease. In other words, a decrease in ATP levels indicates
impaired or decreased mitochondrial function. As shown in Table 2, we
found that the intracellular ATP level induced by the complexes re-
duced significantly compared with that of the control. Therefore, these
data confirm that the complexes interact on the mitochondria and
further promote apoptosis in A549 cells.

3.8. Release of cytochrome ¢

Cytochrome c (cyto c) give play to an important role in apoptosis,
and cyto c locates between the mitochondrial outer membrane and the
inner membrane. When the mitochondria have been damaged, cyto-
chrome ¢ can be released from mitochondria to the cytoplasm, which
further leads to apoptosis. See from Fig. 7A and B, we discover that the
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Fig. 13. (A) Western blot analysis of Cleaved PARP, caspase 3, p53, Bcl-2 and
Bax in A549 cells treated with 1.2 uM of the complexes for 24 h. B-actin was
used as internal control.

green fluorescence intensity increases 2.66 for 1, 1.81 for 2 and 2.78
times for 3 than that in the control after A549 cells were exposed to
1.2 puM of complexes 1-3 for 24 h, which demonstrates that the com-
plexes release cytochrome c in a dose-dependent manner.

3.9. DNA damage studies

The complexes can increase intracellular ROS levels, over-
production of reactive oxygen species can lead to DNA damage. Hence,
DNA damage was carried out by comet electrophoresis. As shown in
Fig. 8, in the control (a), the cells fail to show comet-like appearance
and the cell nuclei show a normal roundness. After the treatment of
A549 cells with H,05 (100 uM, positive control, b) and 1.2uM of
complexes 1 (c), 2 (d) and 3 (e) for 24 h, well- formed comets were
observed. The results show that the complexes can induce DNA frag-
mentation, providing further evidence of apoptosis.
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3.10. Apoptosis assays using AO/EB double staining and flow cytometry

We used acridine orange (AO) and ethidium bromide (EB) to study
the cell morphological changes. The viable cells show light green
fluorescing nuclei with highly organized structures. in the control
(Fig. 9A, a), A549 cells were exposed to 0.6 UM of complexes 1 (b), 2 (c)
and 3 (d) for 24 h, apoptotic cells with apoptotic features such as nu-
clear shrinkage and chromatin condensation were also found. These
findings reveal that the complexes can induce apoptosis in A549 cells.
The apoptosis was also examined by flow cytometry. In the control (a),
the percentage of the apoptotic cells is 0.86%, after 24 or 48 h of ex-
posure of A549 cells to ICsg value of complexes 1 (b and e), 2 (c and f)
and 3 (d and g), the percentages in the early apoptotic cells are 7.86%
and 8.32%, 7.28% and 12.40%, 4.22% and 7.59%, respectively
(Fig. 9B). The results indicate that the complexes reveal a time-de-
pendent manner to induce apoptosis in A549 cells.

3.11. Effect of the complexes on cell invasion

Invasion and metastasis of tumor cells are the main features of
malignant tumors, and they are the primary factors causing the death of
patients with malignant tumors [54,55]. Thus, it is necessary to eval-
uate the ability of the complexes to inhibit the cell invasion. See from
Fig. 10A, after A549 cells (a) were treated with 0.6 pM of complexes 1
(b), 2 (c) and 3 (d) for 24 h, the number of cells passing through the
basement membrane was significantly reduced compared with that in
the control. To quantify the effect of the complexes on cell invasion,
A549 cells were exposed to different concentration of the complexes
and results are shown in Fig. 10B. Fig. 10B shows that the complexes
reveal high inhibitory ability to inhibit cell invasion, the inhibitory rate
for complex 3 reaches 82.1%.

3.12. Cell cycle distribution in A549 cells

The level of reactive oxygen species such as hydrogen peroxide in
cancer cells is higher than that in normal cells, and active oxygen is
very important for the progression of the cell cycle. On the other hand,
DNA damage also affects the process of cell mitosis and the distribution
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of the cell cycle [56,57]. To investigate the mechanism of the com-
plexes inhibiting cell proliferation, the cell cycle arrest was assayed by
flow cytometry. As shown in Fig. 11, it is clear that there is a large
change of percentage in the cells at the Go/G; phase. The proportion of
Go/G; phase cells in the control was 64.4%, while the proportion of the
cell cycle in A549 cells treated with 1.2uM of complexes 1-3 was
77.8%, 76.1%, and 89.1%, respectively. A large increase of the per-
centage in the cells at the GO/G1 phase is 13.4% for 1, 11.7% for 2 and
24.7% for 3 was observed, which was accompanied by corresponding
reduction at S phase. The results indicate that the complexes inhibit the
cell proliferation at Go/G; phase.

3.13. BSA-binding studies

The interaction between BSA and complexes 1, 2 and 3 was studied
by a tryptophan emission-quenching experiment. Generally, the fluor-
escence of protein is caused by three intrinsic characteristics of the
protein, namely tryptophan, tyrosine, and phenyl alanine residues.
Actually, the intrinsic fluorescence of many proteins is mainly con-
tributed by tryptophan alone [58,59]. The emission spectrum of BSA in
the buffer medium (excited at 290 nm) shows a characteristic peak at
342 nm that is mainly due to the presence of tryptophan residues. See
from Fig. 12A, addition of successive amounts of iridium(III) complexes
1 (a), 2 (b) and 3 (c) to BSA results in a large decrease of 93.3% for 1,
91.4% for 2 and 96.2% for 3 in the fluorescence intensity. In order to
compare quantitatively the BSA-binding affinity of the complexes to
quench the emission intensity of BSA, the quenching constants were
calculated by the linear Stern-Volmer equation [60].

Io/I =1+ Ksv[Q]
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I and I represent the fluorescence intensities in the absence and
presence of quencher, respectively. Ksy is a linear Stern-Volmer
quenching constant, [Q] is the concentration of the complexes. The
static mechanism usually results from ground-state complex formation
between the quencher and fluorophore, it causes perturbation of the
absorption spectrum of the fluorophore. Therefore, we use corrected I/
I values to calculate Ksv [61-63]. From the quenching plot of I,/I versus
[Q] (Fig. 12B), Ksv of complexes 1 (a), 2 (b) and 3 (c) are obtained from
the slope. The calculated values of Ksy for the interaction of 1, 2 and 3
with BSA are 3.71 ( = 0.15) x 10°M ™%, 7.49 ( = 0.31) x 10°M ™ 'and
6.88 ( * 0.40) x 10° M ™, which indicates high BSA binding affinity of
the complexes with protein and follows the order of 2 > 3 > 1.

3.14. The expression of caspase 3, p53, cleaved PARP, Bcl-2 and Bax

Through the above experiments, we learned that the three com-
plexes can cause changes in the physiological environment within the
cell and lead to apoptosis. Moreover, the complexes show high protein
affinity, therefore, we used immunoblot to investigate the expression of
apoptotic-related proteins. Bcl-2 family proteins, including anti-apop-
totic and pro-apoptotic proteins, play an important role in the regula-
tion of cell apoptosis. As shown in Fig. 13, treatment of 24 h of A549
cells with the complexes led to a decrease in the expression of Bcl-2 and
an increase in the expression of Bax protein compared with that in the
control. In addition, the expression level of the apoptotic executive
protein caspase 3 and cleaved-PARP increased, and the expression of
p53 protein was up-regulated, which indicated that the complexes can
inhibit DNA replication and restrict mitosis.
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Fig. 15. Effect of cisplatin and the complex 3 on the tissue: (A) Mild edema and congestion in the interstitial tissue of myocardial cells in the groups of control,
cisplatin, 1.14 mg/kg and 2.28 mg/kg complex 3; (B) Slight congestion in the interstitial tissues of alveoli showed in all groups; (C) Liver cells showed mild edema
and cytoplasmic loose in all groups; (D) Mild edema in renal tubule and glomerular cells in all groups; (E) More poorly differentiated adenocarcinoma, hemorrhage
and necrosis showed in groups of cisplatin and complex 3 (1.14 mg/kg and 2.28 mg/kg) compared to the control group.

3.15. Evaluation of antitumor activity in vivo and effect of the complexes on
tissues

Complex 3 shows high anticancer activity in vitro against A549
cells. This prompts us to investigate the antitumor activity in vivo.
Xenograft tumors were obtained by eight consecutive days of sub-
cutaneous implantation of A549 cells into nude mice. Cisplatin (2 mg/
kg) was used as a positive control. Treatment of the mice with 1.14 mg/
kg or 2.28 mg/kg of complex 3 every day, the body weights and relative
volume of the mice were obtained. See from Fig. 14A-D, the average
weight of tumor treated with 2.28 mg/kg of complex 3 is smaller than
those of control and cisplatin. The inhibitory rate of cisplatin toward
xenograft tumors is 66.36%, whereas the inhibitory rate caused by
2.28 mg/kg of 3 reaches 76.34%. In addition, the morphology of heart,
liver, kidney, lung and tumor tissue was observed by H&E (Hematox-
ylin-Eosin) staining. Cisplatin and complex 3 induced mild cardiac
myocyte edema and interstitial hyperemia, similar to the control group
(Fig. 15A). Slight congestion in the interstitial tissues of alveoli were
also found in all groups (Fig. 15B). In all groups, slight hepatocyte

edema, small focal necrosis (Fig. 15C) and mild renal tubular epithelial
edema (Fig. 15D) was observed. However, cisplatin, 1.14 mg/kg and
2.28 mg/kg of complex 3 induced more focal necrosis of adenocarci-
noma in tumor tissue compared to the control group (Fig. 15E). Hence,
we think that complex 3 targets the tumor tissue, and this complex may
be potent anticancer drug candidate.

4. Conclusions

In this paper, three new iridium(IIl) complexes were synthesized
and characterized. Their anticancer activities in vitro were studied.
Complexes 1, 2 and 3 show high anticancer activity against A549 cells
than cisplatin under the same conditions, and the complexes can ef-
fectively inhibit the cell invasion and cell proliferation. The complexes
target the lysosomes and cause the increase of lysosomal permeabili-
zation. Complexes 1-3 can increase the intracellular ROS levels, en-
hance the concentrations of intracellular Ca®*, and induce a decrease of
the mitochondrial membrane potential and ATP amounts, further in-
duce a release of cytochrome c, activate caspase 3. Additionally, the
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Fig. 16. The mechanism of the complexes inducing apoptosis in A549 cells.

complexes can damage DNA, inhibit the cell growth at GO/G1 phase.
Antitumor activity in vivo demonstrates that complex 3 (2.28 mg/kg)
can effectively inhibit the tumor growth, and its efficiency is higher
than cisplatin. The complexes have no effect on the heart, liver, kidney
and lung tissues, but the complexes can target the tumor tissue. In
summary, we consider that the complexes induce apoptosis in A549
cells through the following three pathways (Fig. 16): (I) The complexes
target the lysosomes and increase lysosomal permeabilization; (II) After
the complexes interact on the cells, which causes an dramatic increase
of the intracellular ROS content, enhances intracellular Ca>* con-
centration, then complexes keep the mitochondrial permeability
transmembrane channel open, which in turn reduces the mitochondrial
membrane potential, promotes the release of cytochrome c to the cy-
tosol, activates caspase 3, finally, cause apoptosis; (III) The complexes
cause DNA damage, and inhibit the cell growth at GO/G1 phase. Con-
sequently, we think the complexes may be potent anticancer drugs for
A549 cells. This work is helpful for designing and synthesizing new
iridium(IIl) complexes as potent anticancer drugs.
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