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Graphical abstract
Three new iridium(I1l) complexes were synthesized and characterized. The
cytotoxicity in vitro and in vivo was investigated. The complexes show high

anticancer activity in vitro and in vivo.
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Abstract This work mainly introduces the synthesis and oftera&ation of three
iridium(lll) complexes [Ir(ppyi)(adppz)](Pk) (Ir-1), [Ir(bzg)(addpz)](Pk) (Ir-2) and
[Ir(piq)2(adppz)](Pk) (Ir-3). The complexes are more cytotoxic than cisplagjainst
tumor cell lines such as SGC-7901, A549, HelLa, Hi@- HepG2 and BEL-7402.
The toxicity test results indicated that compleked, Ir-2 andIr-3 can effectively
inhibit the cell growth of SGC-7901 cells, and theasured 1€ values are 1.8 + 0.4,
1.6 £ 0.3 and 0.8 + 0.1M, respectively. AO/EB staining and flow apoptosis
confirmed that SGC-7901 cells were caused apoptiftss being treated with the
complexes. Along with the increase of endogenous ROS and” Qevels,
mitochondrial membrane potential collapse and masslease of cytochrome c, it is
fully demonstrated that these complexes induce tagap through ROS-mediated
mitochondrial pathway. At the same time, the comgdle3 is outstanding in the
inhibition of tumor growth in vivo. Combined witliné above results, it provides a

favorable foundation for the future developmeninaire effective anti-tumor drugs.

Keywords:. Iridium(lll) complexes; Cytotoxicity in vitro andivo; Apoptosis; Cell

cycle arrest; western blot.

1. Introduction

Cancer is the most deadly disease in the worldytod#h liver, stomach, lung,



ovary and rectal cancer being the most common caneigh high mortality [1-3].
The easy transfer of tumor cells and rapid and sstge proliferation are the main
challenges of cancer treatment [4-Therefore, the design and development of
effective anti-tumor drugs with outstanding tumgtotoxicity and apoptotic rate and
better inhibition of tumor spread have attractedcimattention in the field of drug
research and development. At present, metal platidiugs (cisplatin, carboplatin,
oxaliplatin) can effectively treat various typesancer and have been successfully
applied clinically{8-13]. However, with the continuous use in theniclj the serious
toxic and side effects of platinum drugs, drug sesice and selectivity are quickly
exposed to the public's field of vision [14-18].iFklrawback has quickly stimulated
the exploration of other metal drugs by variougstific research groups around the
world, and strived to find drugs that can redudke ®ffects, expand the spectrum of
sensitive tumors, and try to overcome resistancenodg many metal drugs,
organometallic iridium(Ill) complexes have beendpgieat attention by virtue of their
rich functionality, multiple oxygen states and dier@ photosensitivity18-23]. Some
iridium(lll) complexes reveal high anticancer andtilacterial activity and can
effectively inhibit the cancer cell proliferatioB4-40]. To obtain more information on
anticancer activity of iridium(lll) complexes, inhis paper, a ligand
11-nitrodipyrido[3,2a:2',3'c]phenazine (NDPPZ) and its three iridium(lll)
complexes: [Ir(ppyY(NDPPZ)](PF) (ppy = 2-phenylpyridine, Ir-1),
[Ir(bzq),(NDPP2)](PF) (bzg = benzo[h]quinolonér-2) and [Ir(pigh(NDPPZ)](PF)

(pig = 1-phenylisoquinoline,r-3, Scheme 1) were synthesized and characterized by
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elemental analysis, ESI-MSH NMR and *C NMR. The cytotoxicity of the
complexes against cancer SGC-7901, A549, HepG2-BHI2, Eca-109 and normal
NIH3T3 cells was evaluated by 3-(4,5-dimethylthiaze,5-diphenyltetraazolium
bromide(MTT) methods. The cellular morphological apoptpsigll substructure
localization, C&' level, cytochrome c content and cytoskeleton wdetected and
analyzed by high-content cell imaging system. Apejst rate, cell cycle arrest, ROS
level and mitochondrial membrane potential into §@C-7901 cells were detected.
In addition, we have conducted research on tumeasion assay and molecular
protein expression in order to further understdmedapoptotic mechanism. The results
of nude mice experiments further illustrate thebitbry effect of iridium complexes
on tumor cell growth, and effectively support thesgibility that iridium complexes
will become clinical anti-tumor drugs in the futufénally, we hope this work can

contribute to the development of anti-cancer drugs.

2. Results and discussion

2.1. In vitro growth inhibitory activity

The anticancer activities of complexds-{-1r-3) were evaluated against six tumor
cell lines: SGC-7901 (human gastric cancer cele)linA549 (human pulmonary
adenocarcinoma cell), HeLa (human cervical carcenamall line), Eca-109 (human
esophageal cancer cell line), HepG2 (Human hepléutardiver carcinoma cell line),

BEL-7402 (Human hepatocellular liver carcinoma tiek)) and normal cell NIH3T3



(3T3-Swiss albino) using MTT methods [41-43]. Cadpl was used as a positive
control. The IGy values of the complexes toward the above celksliaee listed in
Table 1. As an expectation, ligand NDPPZ shows ¢éowno cytotoxicity toward the
selected cancer cells. From table 1, all the coxgsleshow strong toxicity against the
cancer cell lines, especially SGC-7901 cells witbva ICso value of 1.8 £ 0.4 uM for
Ir-1, 1.6 £ 0.3 pM forir-2 and 0.8 £ 0.1 uM fotr-3. In addition, the results also
indicate that antitumor activity of the complexedidws the order otr-3 > Ir-2 >
Ir-1 toward SGC-7901 cells. CompleX reveals the highest cytotoxicity in vitro
among the three complexes against SGC-7901 and ABHS. According to our
previous work [41], we infer that this may be calbg large hydrophobicity of piq
compared with ppy or bzqg, which makes it easy tamplex3 to enter into the cells.
On the other hand, -NCas substituent group may increase the hydrophglo€ithe
complexes. Hence, these complexes exhibit highcamter activity toward the
selected cancer cells. However, for A549 cells, #rgicancer activity of the
complexes follows the order of-3 > Ir-1 > Ir-2. Hence, we conclude that different
complexes show different anticancer effect on tifierént cancer cells. In addition,
the complexes reveal higher cytotoxic activity thaeplatin against the selected
cancer cells under identical conditions. Because ¢bmplexes are sensitive to
SGC-7901 cell, therefore, this cell line was saédctor undergoing the following
experiments. In order to observe whether the lusteece spectra of the complexes
perturb the green fluorescence in the all cell expents, the luminescence spectra of

complexeslir-1, Ir-2 and Ir-3 were determined in PBS solution at ambient
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temperature. As shown in Fig. S1 (supporting infation), Ir-1, Ir-2 andlr-3 can
emit at 599 nm, 595 nm and 605 nm, respectivelyeMydss the emission wavelengths
of DCHF-DA for ROS, JC-1 for mitochondrial membrapetential, Fluo-3AM for
intracellular C&" concentration and cyto ¢ are 525 nm, 529 525 nch 484 nm,
respectively. Hence, the emission data of the cexgd do not perturb the cell

experiments.

2.2. Location and change of mitochondrial membrane potential (MMP)

The MTT data indicated that the Ir(lll) complexésl, Ir-2 and Ir-3 have
significant antiproliferative activity. As one ofhé& most important subcellular
structures, mitochondria participate in cellulareyy production and apoptotic
signaling pathways [44]. To affirm whether the rohiondria are a target, we used
tracer dye Mito Tracker ® Deep Red FM (Thermo Fisi®0 nM) [45] to further
explore whether the complexes locate at the mitogdha. As shown in Fig. 1A, the
mitochondria were stained red by Mito Tracker Réd, Eomplexesir-1, Ir-2 and
Ir-3 emitted green fluorescence when SGC-7901 celle weated with 2.uM of
Ir-1, Ir-2 and 1.0uM of Ir-3 for 6 h. It is worth noting when we overlay thel rend
green images, we will surprisingly find that theotimages can be completely
integrated. In other words, these complexes hawvertain degree of targeting to
mitochondria.

It is well known that the earliest change in aps#ois the decrease in



mitochondrial membrane potential. To investigateetikr these metal complexes
induce apoptosis in mitochondria-mediated manneg, Méasured the change of
mitochondrial membrane by loading SGC-7901 cellghwiuorescent probe JC-1
(5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenziazdlocarbocyanine iodide) [46,47]. It
is convenient to detect the change of mitochonani@mbrane potential according to
the change of fluorescent coldvhen the mitochondrial membrane potential is at a
high potential, JC-I can accumulate in the mitocr@ matrix and emit red
fluorescence. Conversely, if it is not able to awalate in the mitochondrial matrix,
the JC-1 monomer will emit green fluorescence. Agicted in Fig. 1B, It is clear that
the red fluorescence was gradually replaced by dheerescence on addition of Ir(lll)
complexes into SGC-7901 cell$herefore, the experimental results indicate that
complexedr-1-1r-3 can cause destruction of mitochondrial membrategrity and
decrease in transmembrane potential in SGC-790. &lus the results confirmed
that mitochondria are involved in mediating apof#os

To investigate whether there is a correlation betwenitochondrial membrane
potential and reactive oxygen species, the chamgéise mitochondrial membrane
potential caused by the complexes in the presericBlAC [48] were further
guantified.The relative ratio of red/green fluorescence intgrafter the complexes
treated SGC-7901 cells was determined by flow cetoynwhich in turn reflected the
mitochondrial depolarization ratio. As shown in FigC, in the control (a) or in the
presence of NAC (b), the ratios of red/green ard®7lland 19.41, respectively.

Treatment of SGC-7901 cells with JuM of Ir-1 (c), 2.0uM of Ir-1 (d) andir-1 (2.0
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uM) + NAC (8 uM) (e), 1.0uM of Ir-2 (f), 2.0 uM of Ir-2 (g) andlr-2 (2.0 uM) +
NAC (8 uM) (h), 0.5uM of Ir-3 (i), 1.0uM of Ir-3 (g) andir-3 (1.0 uM) + NAC (8
uM) (k) for 24 h, the ratios of the red/green fluszence are 1.24, 0.095 and 0.81 for
Ir-1, 0.91, 0.16 and 0.33 for-2, 2.98, 0.38 and 1.68 fér-3, respectivelyAccording

to the above experimental data, we can summariaetnclusions: (I) the complexes
(Ir-1, Ir-2 and Ir-3) exhibited dose tolerance to induce mitochondmembrane
potential collapse. (II) we can clearly see thathe presence of NAC, the red/green
fluorescence ratio increases significantly compasgtth the complexes alone. The
results indicate that NAC has an inhibitory effect the collapse of mitochondrial
membrane potential. Therefore, the accumulatioactife oxygen will accelerate the

decrease of mitochondrial membrane potential.

2.3. Intracellular ROS measurements

Endogenous reactive oxygen species (ROS) are @esido be key factors in
cell signaling pathways, especially in terms of @peis and inflammation [49-51].
Regulating the homeostasis of reactive oxygen speiti the body has become an
important research direction for antitumbr.order to gain a deep understanding of
the anti-tumor mechanism of these complexes, we tise specific fluorescent probe
DCFH-DA to detect changes in the reactive oxygeecEs in SGC-7901 cells. As
shown in Fig. 2A, in the control (a), a weakly greffuorescence points could be
observed. However, SGC-7901 cells were incubatéd Rosup (b, positive control),

2.0uM of Ir-1 (c), 2.0uM of Ir-2 (d) and 1.QuM of Ir-3 (e) for 24 h, a number of
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green fluorescence points were found notably. Maggowe further quantified the
fluorescence intensity of the treated cells by floyjtometry. As see from Fig. 2B,
SGC-7901 cells were exposed tel-lr-3 for 24 h in the absence or presence of NAC,
the DCF fluorescent intensity increases 28.86, L&& 19.55 times than that in the
control, and the effect df-1-1r-3 on the ROS levels were higher than Rosup group.
The data obtained from Fig.2A and 2B suggest thegd complexes can significantly
increase the level of cellular reactive oxygen smmecand that the complebe-1
induces the production of reactive oxygen specieeratrongly than other complexes.
The results demonstrate that NAC inhibits the patida of cellular ROS.

Superoxide anion is one of the important comptmef intracellular ROS, which
can cause damage to DNA and RNA at high conceotrsiihe determination of
intracellular superoxide anion content was perfarmgsing fluorescent probe
dihydroethidium (DHE) [52].The probe DHE will be dehydrogenated by the
intracellular superoxide anion to form the ethidiuEthidium produces clear, bright
red fluorescence when combined with DNA or RNA. gkown in Fig. 2Cjn the
control (a), weak red fluorescence could be obskrMewever, SGC-7901 cells were
incubated with 2.QuM of Ir-1 (b), 2.0uM of Ir-2 (c) and 1.QuM of 1r-3 (d) for 24 h,

a plentiful of red fluorescence points were obsenatearly. To quantitatively
compare the effects of complexes og @evels, the DHE fluorescent intensity was
determined by ImageXpress Micro XLS system (MD camp US) in the presence
or absence of NAC. As shown in Fig. 2D, SGC-790Is seere exposed tbr-1-1r-3

for 24 h, the DHE fluorescent intensity increass8@, 62.17 and 89.09 times than
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that in the controlThe obtained results indicate that complexes cgnifgiantly
increase the level of O in SGC-7901 cells, while NAC can inhibit the pratlan of
O, in cells.

As a reactive oxygen molecule, NO plays an irtgrdrrole in the anti-tumor
process.The endogenous NO level of cells can be conveniatgtected using the
fluorescent probe 3-amino-4-aminomethyl-2',7'-difiescein diacetate (DAF-FMDA).
As indicated in Fig. 2E, treatment of SGC-7901 <allsplays an obvious green
fluorescence after incubation with complexes-1-lr-3) in comparison with the
untreated cells. Then, we also quantitatively eat&lithe endogenous NO levels. As
shown in Fig. 2F, SGC-7901 cells were exposedind-Ir-3 for 24 h, the
DAF-FMDA fluorescent intensity increases 1.09, 1a8t 2.24 times than the control.
Combined with the data above, complexes can ineréasintracellular ROS levels.

As a major member of the MAPK pathway, P38 MAHKyp an important role
in the regulation of various physiological signalsch as cell stress, inflammation,
apoptosis and cell cycle [53-57]. High levels a# thtracellular ROS can activate the
downstream protein P38 to induce apoptosis. Actiwadf P38 protein is essential for
inducing cell apoptosig.herefore, we assayed the expression of P38 pratenthe
treatment of SGC-7901 cells with complexesl-Ir-3 by western blottingSee from
Fig. 2G, we can clearly observe that the proteipression of P38 is significantly
up-regulated after 24 h of exposure of SGC-790Ik ¢elthe complexes. Therefore,
these results showed that the complexes can ircteasntracellular ROS level, and

then induced apoptosis of SGC-7901 cells througlsR38 signaling pathway.
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2.4. Apoptosis assay with AO/EB and Annex V/PI double staining methods

The MTT results indicated that the complexes havsigmificant effect on
reducing the proliferation of SGC-7901 cells. Tattier understand the effect on
apoptosis, the AO/EB and Annex V/PI double staimmgthods [58-60] were carried
out to assess the changes in nuclear morphology tlddegree of apoptosis.
SGC-7901 cells stained with acridine orange (AQJ athidium bromide (EB) are
shown in Fig. 3A. In the control (a), the livingllsewere stained bright green and
exhibited homogeneous nuclei staining in spotserAthe treatment of SGC-7901
cells with 1.0uM of Ir-1 (b), 1.0uM Ir-2 (c), and 0.5uM Ir-3 (d) for 24 h, the
apoptotic morphological features such as cell blelpnuclear shrinkage, chromatin
condensation and fragmentation, as well as redtieaells, were observed. In order
to more accurately quantify the effect of apoptotsv cytometry was used to study
the proportion of apoptosis in cells treated with tomplexes. As show in Fig. 3B,
guantitative results showed that the early apopte of cells in SGC-7901 cells (a)
treated withir-1 (b, 1.0uM), Ir-2 (¢, 1.0uM) andIr-3 (d, 0.5uM) for 48 h was
8.36%, 13.50% and 11.20%, respectively. The resudisate that the complexes can

induce early apoptosis in SGC-7901 cells.

2.5. DNA damage assay
Elevated levels of intracellular ROS mediate DNAidative damage and

ultimately induce apoptosj61-63]. Comet assay as a most commonly used nteans
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assess genotoxicity was implemented in currentystodevaluate the complexes
inducing DNA damage. As shown in Fig. 4, it is clg@o see no DNA damage in the
control (a). However, after SGC-7901 cells weraubated with 1.QuM of Ir-1 (b),

1.0 uM of Ir-2 (c) and 0.5uM of Ir-3 (d) for 24 h, obviously and clearly-formed
comets were observed. The results demonstratehdatomplexes can induce DNA

damage which further triggers apoptosis.

2.6. Autophagy induced by the complexes

Recent studies have shown that there is a cloastiam$hip between autophagy
and the occurrence of tumor cells, especially wthercells are autophagic, which can
cause tumor cell apoptosis [64]. To further expltlie mechanism of apoptosis
induced by the complex, the assessment of inttdaelautophagy in SGC-7901 was
detected by the specific dye monodansylcadaveiBd), and the intensity of
fluorescence reflected the degree of autophagy [B% autophagy image is shown in
Fig. 5A, we could find the weak fluorescence in tohatrol (a). After the treatment of
SGC-7901 cells withr-1-1r-3 for 24 h, bright green fluorescent cycles wereeobsd,
which suggests that complexigsl-lr-3 can induce autophagy with the formation of
autophagic vacuole3he process of autophagy is always accompanieine key
protein expression such as LC3, Beclin-1 and p6&2. groteins LC3-Il and Beclin-1
are directly involved in the formation of autophagmes, and the content of LC3-Il is
directly proportional to the content of autophagesicleg66]. As a substrate for

autophagosome formation, the level of protein p@Rdecrease when a large amount
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of autophagy occurs. Therefore, Western blotting used to assess the expression of
individual proteins in SGC-7901 cells. As depicted-ig. 5B, after SGC-7901 cells
were treated with the complexes, the expressiosl levp62 protein was significantly
down-regulated, whereas the expression levels afil®@ and LC3-ll showed an
increasing trend, and the LC3-II/LC3-I ratio incsed significantly. The results of the
data indicate that the complexes can induce autgypha

It is well known that the relationship between gutagy and the proliferation of
tumor cells is twofold. On one hand, autophagy mampt cell proliferation; On the
other hand, autophagy can inhibit the cell prodifeam. To understand the relationship
between autophagy and cell proliferation, the vigbiof SGC-7901 cells was
assessed by the MTT method in the presence of IMMAC. As shown in Fig. 6, in
the presence of NAQ(-1-1r-3 + NAC, yellow line) and 3-MAI{f-1-1r-3 + 3MA,
purple line), NAC induce an increase of the cellbiity compared withir-1-1r-3
(blue line), but 3-MA induces more cell dea&il of the above data indicate that
autophagy prompts cell proliferation, whereas Hegylels of reactive oxygen species

(ROS) accelerate cell death.

2.7. Determination of intracellular Ca" levels

It is currently accepted that the transductiomndrfacellular related signals and the
implementation of the pre-apoptotic phase are imsdpe from the involvement of
C&”* [67]. High levels of reactive oxygen species (R@@) open the mitochondrial

permeability transition pores and will increasectah uptake in the mitochondria.

13



Once C4&' overload occurs in the mitochondria, cytochromis eleased to activate
caspase, and finally apoptosis will oc¢68]. Therefore, we evaluate changes in
intracellular C&" levels after the treatment of SGC-7901 cells wita complexes
using the specific fluorescent probe Fluo-3ANs shown in Fig. 7A, the green
fluorescence of the experimental group (c lforl, d for Ir-2 and e forlr-3) was
significantly stronger than that of the control gpo(a). However, in the absence of
Ccd* free medium (b), the green fluorescence is simtitathe control. Next, we
further quantified the fluorescence intensity. dt dpparent from Fig. 7B that the
fluorescence intensity of the control group is low&n that of the complexes-treated
groups, whereas in the absencé’Gaee medium, the fluorescence intensity is slight
high compared with the controllhe data confirmed that the complexes can

significantly increase the intracellular Cevel.

2.8. Release of cytochrome ¢

As the main electron carrier in the mitochondredpiratory chain, cytochrome ¢
is a key factor in cell signal transductif@®]. Cytochrome c, a key factor in the
process of apoptosis, is released into the cytopksd can bind to apoptosis-related
factors and activate caspase-9, thereby triggeapaptosi$70]. It can be seen from
Fig. 8A that the green fluorescence after the itneat of SGC-7901 cells with the
complexes If-1-1r-3) was significantly stronger than that of the cohgroup. The
results indicate that cytochrome c can be reledsaoh mitochondria after the

treatment of SGC-7901 cells with the complexes. alidition, the integrated
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fluorescent intensity/cell was determined by Multavelength Cell Scoring module.
See from Fig. 8B, the green fluorescence increbges37 times foir-1, 3.79 times
for 1r-2 and 4.58 times fotr-3 than that in the control. The experimental results

demonstrate that the complexes can induce a reté@stochrome c.

2.9. Cdll invasion assays

One of the main reasons for the lack of effectivethrads for cancer treatment is
that tumor cells are easy to metastasize and sprdqdTherefore, it is essential to
evaluate the effects of the three complexes orbitihg the metastatic spread of
SGC-7901 cells. Invasion assay results are showhign 9A and B, and we can
observe that these complexes have outstandingitotyikeffects on the invasion of
SGC-7901 cells. Additionally, the percentage ofiliting the cell invasion is 51.5%
for Ir-1, 49.3% forlr-2 and 74.0% fotr-3 after SGC-7901 cells were exposed to 2.0
uM of the complexes, respectively. It is interesttoghote that all complexes exhibit
excellent concentration-dependent manner for ogksion inhibition. All the above
data results further reveal that the obtained cergd are effective on inhibiting cell

migration.

2.10. Cell cycle analysis
The current research reveals that anticancer dshgsv different degrees and
properties for the tumor cell cycle [72,73]. Thrbuipe evaluation of the degree of

cell cycle damage of SGC-7901 cells, a deep uramlsig of the mechanism of
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apoptosis induced by complexes. To investigateeffects of the complexes on the
cell cycle, flow cytometry analysis of SGC-7901 Igefreated with dye iodized
pyridine was used. As shown in Fig.1flow cytometry results showed that deal with
complexes for 24 h caused distinguished accumulatidb cells in GO/G1 phase.
Compared with the control (43.95%, Fig. 10a), tkecpntage of SGC-7901 cells in
GO/G1 phase increased by 50.87% Ifiod (b), 48.71% forr-2 (c) and 54.24% for
Ir-3 (d) after treated with complexes for 24 h. The dad&arly display that these

complexes cause the cell cycle to be arresteceab@iG1 phase.

2.11. Tubulin polymerization assay

In large number of studies on the morphology obskeleton, it is found that
changes in cytoskeletal structure are essentialtfer morphological changes of
apoptotic cells [74].Microtubules are not only the key in maintaininge th
morphological structure of cells, but also esséfdiathe transport of substances and
the transduction of signals [75Therefore, we labeled microtubules and cytoskeleton
by immunofluorescent methods to further explore thechanism of inhibition of
SGC-7901 cell growth by complexes. As shown in Eilg.there was no change in the
morphology of the microtubules in the control c€l$, and a perfect fusiform shape
was exhibited. However, after treatment with theaptexesir-1 (b), Ir-2 (c) andir-3
(d) for 10 h, the cell microtubule structure extebi a circular shape. The results
confirmed that the complexes inhibited the microtelpolymerization and caused a

significant change in the cytoskeleton morphologyentually leading to cell
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morphology collapse.

2.12. Assays of Bcl-2 family proteins by western blot

To further clarify the apoptotic mechanism indudeg the complexes, we
examined the expression of related protein molachieWestern Blot ass§6,77].
The early key apoptotic factor caspase-3 medidtesntire apoptotic event of cells
after being activated by substrate-cleaved PARR. [FBe P-p53 tumor-associated
gene, a cell-mediated signal transduction pathwhyspan important role in
regulating cell activitiesAs we all known, Bcl-2 and Bcl-xI inhibits apoptssi
whereas Bax, Bid and Bak stimulate apoptosis. Aswvshin Fig. 12, the results
demonstrated that treatment of SGC-7901 cells WitkrIr-3 led to activate caspase
3 and cleavage of PARP, which further confirms ttiee complexes can induce
apoptosis in SGC-7901 cells. The treatment of SGCL7ells induces a decrease in
the expression of phosphorylation of p53 (P-p53) e antiapoptotic proteins Bcl-2
and Bcl-xL. Besides, the expression levels of Baixl, and Bak were up-regulated.
Although complex3 exhibits the highest anticancer activity againGiCS7901 cells
among the three complexes, owing to different pnstevith different structures,
therefore, different complexes cause different egufation or down-regulation
toward Bak or Bcl-xL. These results indicate tHa¢ tomplexes induce apoptosis

through regulating the expression of Bcl-2 famitgtgins.

2.13. In vivo antitumor effect
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The results of a series of in vitro experimentsficored that the complexes
showed excellent inhibitory effects on the probifison against the tested tumor cells.
The LDsp value measured by the 10-day acute toxicity tasitré3 is 8.4 mg/KgNext,
we implanted SGC-7901 cells into nude mice and grewesponding transplanted
tumors to further evaluate the inhibitory effectlof3 in vivo. The corresponding
tumor volume and weight were measured and recadrdédte control group, cisplatin
(positive group) and nude mice treated with 0.73kgp@gnd 1.50 mg/kdr-3 per day.
As can be clearly seen from the data of Fig. 13Aafder 7 days of treatment with
Ir-3, the tumor growth inhibition effect was signifi¢hnhigher than that of the
control group. The inhibiting percentages of turgmowth induced by cisplatin, 0.75
mg/kg and 1.50 mg/kg are 30.71%, 37.97% and 43.98%pectively (Fig. 13D).
ComplexIr-3 displays obvious antitumor activity, and the tunmohibition rate is
higher than cisplatin under identical conditioneTiesults indicate that complés3
reveals a concentration-dependent manner to inthi@itumor growth.

Through the pathological analysis of tumors ansuis in Fig. 14, the following
results can be obtained: in the blank control grdbe lungs of the nude mice were
congested with ablation of the alveolar septum, lgrepma and local alveolar plaque
hemorrhage. In the positive group, there were algoptoms such as pulmonary
congestion and emphysema, but there were alsdikiecehanges in the tracheal wall
and scattered small metastases. The lungs of niucke treated with the complexes
showed extensive alveolar hemorrhage except fosdéinee condition as the positive

group. In addition, there was no significant diflece between the hearts of nude
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mice in each group, which showed local myocardisimophilic changes and edema
fractures. Similarly, we also observed that theeritissue of each group showed
visible focal cancer metastasis, small piece ofatmyyte necrosis and small piece of
hemorrhage. The glomeruli of the three groups adenmice showed congestion,
tubular edema and interstitial siltation. There wadifference in brain tissue of each
group of nude mice showing mild congestion and edeht the same time, it can be
observed that the tumor capsule is intact in tlaalblgroup, the growth is vigorous,
the division phase is clearly visible, and the ¢asgale necrosis in the tumor. The
tumor performance of the positive group was balyidghe same as that of the blank
control, but the range of tumor necrosis was sigauitly reduced. The results after
treatment with the complexes were not significardifferent from those of the

positive groups. Therefore, compldx-3 may become a potent anti-tumor drug

candidate in the future.

3. Conclusions

In the current study, three new compounds [Ir(giNDPPZ)](PE) (Ir-1),
[Ir(bzq)(NDPP2)](PF) (Ir-2) and [Ir(pigy(NDPP2)](PFK) (Ir-3) were synthesized,
characterized and evaluated for biological activitye experimental data showed that
the three complexes have the most prominent irdnpieffect on SGC-7901 cell
proliferation. In vitro studies have shown that gdexes can enhance endogenous
ROS and calcium levels, thereby mitigating mitodirel mode potential and

inducing apoptosis in SGC-7901 cells. These congdexe excellent in inhibiting the
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migration of tumor cells and inhibiting their grdwat the GO/G1 phase. At the same
time, the DNA damage of the cells is further expdal by the results of the comet
assay and the molecular expression level of thavage PARP. In addition, the
complexes can also activate caspase-3 by promtimgelease of cytochrome c in
mitochondria, thereby inducing the regulation ofl-Bcfamily protein expression.
Finally, the in vivo activity evaluation resultsshed that the complekr-3 has a
significant inhibitory effect on tumor growth. Iummary, the results of the above
data indicate that the complexes induce apoptosiSGC-7901 cells through the
following three pathways (Fig. 15): (Dhe complexes can significantly increase the
level of endogenous reactive oxygen species (R@She cells, and the excessive
accumulation of ROS induces the production of auhgy, resulting in apoptosis; (Il)
Excessive reactive oxygen species causé’ Qaading after opening of the
mitochondrial membrane permeability transition powt the same time,
mitochondrial function is further destroyed, cagsanlarge release of cytochrome c,
leading to apoptosis; (llIfhe complexes damage cellular DNA by altering the
expression of PARP protein, and block cell divisionGO/G1 phase, promoting
apoptosisHence, this work will be beneficial to the futumgtistumor mechanism and

design of new Ir(Ill) complexes.

4. Experimental
4.1 Materials and methods

2-phenylpyridine, benzo[h]quinoline, 1-phenylisagpiine, 1,10-phenanthroline,
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4-nitrobenzene-1,2-diamine were purchased from &igidrich and used without
further purification unless otherwise noted. Uluep MilliQ water was used in all
experiments. FBS and RPMI 1640 were purchased @dmo company. Fluorescent
dye kits and related consumables are sourced freyotBne Biotechnology. The
cancer SGC-7901, A549, Hela, Eca-109, HepG2, BEI27&hd normal NIH3T3 cell
line were purchased from the American Type CultGadlection. IrCp3H,O was
purchased from the Kunming Institution of PrecidMetals.

Microanalysis (C, H, and N) was carried out witRerkinElmer 240Q elemental
analyzer. Electrospray ionization mass spectra-\#S) were recorded on a LCQ
system (Finnigan MAT, USA) using acetonitrile a® tmobile phase. The spray
voltage, tube lens offset, capillary voltage angiltary temperature were set at 4.50
kV, 30.00 V, 23.00 V and 200, respectively, and the quoted m/z values arelfer t
major peaks in the isotope distributidd. NMR and®C NMR spectra were recorded
on a Varian-500 spectrometer with DMSO-d6 as aesudhand tetramethylsilane

(TMS) as an internal standard at 500 MHz at roompierature.

4.2. Synthesis of complexes
4.2.1. Synthesis of complex [Ir(ppy)2(NDPPZ)] PFg (1r-1)

A mixture of cis-[Ir(ppy}Cl], (0.28 g, 0.25 mmol) [79] and NDPPZ [80] (0.164
g, 0.50 mmol) were dissolved in dichloromethane amethanol mixed solution
(Vchzciz Venson = 2:1), then the mixture was refluxed under arfyoré h to appear a

clear red brown solution. And then the solution wasled to room temperature, a
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large amount of yellow precipitated product appeatter the dropwise addition of
ammonium hexafluorophosphate and stirring for Zte crude complex was purified
by column chromatography on neutral alumina witbhttiromethane-acetone (1:3,
v/v) as eluent. After removing the solvent undetuaed pressure and further drying,
a bright yellow pure complex was obtained. Yield2%8 Anal. Calc for
CaoH2sN;O2IrPFs: C, 49.38; H, 2.59; N, 10.08%. Found: C, 49.2529 N, 10.02%.
'H NMR (DMSO-d;, 500 MHz) (Fig. S2a, supporting informatiod)9.72 (dd, 2H,)
=5.5,J = 4.5 Hz), 9.23 (d, 1H] = 2.5 Hz), 8.77 (d, 1H] = 7.0 Hz), 8.69 (d, 1H] =
9.5 Hz), 8.33 (d, 2H] = 5.0 Hz), 8.28 (d, 2H] = 8.0 Hz), 8.72-8.18 (m, 2H), 7.96 (d,
2H,J = 7.5 Hz), 7.91 (t, 2H] = 8.0 Hz), 7.67 (t, 2H] = 6.0 Hz), 7.09-7.04 (m, 4H),
6.97 (t, 2H,J = 7.5 Hz), 6.28 (d, 2H] = 7.5 Hz).2*C NMR (DMSO-g, 125 MHz)
(Fig. S3a, supporting information): 166.85, 152.562.41, 150.42, 150.14, 149.65,
149.51, 148.85, 144.08, 143.78, 142.66, 142.19,5840138.97, 135.69, 135.48,
131.56, 131.25, 130.47, 130.43, 128.94, 128.88,5¥25125.35, 125.22, 123.92,
122.68, 120.12. ESI-MS (GBN): 828.0 (M- PR]"). HRMS (CHCN): 828.1678

(IM - PR]") (Fig. S4a, supporting information).

4.2.2. Synthesis of complex [ Ir(bzg2(NDPPZ)] PFe (Ir-2)

Obtaining this complex by a method similar to thescribed for the synthesis of
complexIr-1, with [Ir(bzq)Cl]>-:2H,O [79] in place of [Ir(ppyCl]>-2H.0. Yield:
76%. Anal. Calc for H2sN7OIrPFs: C, 51.77; H, 2.47; N, 9.60%. Found: C, 51.89;

H, 2.35; N, 9.71%.'H NMR (DMSO-d¢, 500 MHz) (Fig. S2b, supporting

22



information):5 9.70 (d, 2HJ = 8.0 Hz), 9.23 (d, 1H] = 2.5 Hz), 8.78 (d, 1H] = 6.5
Hz), 8.68 (d, 1HJ = 9.0 Hz), 8.53 (d, 2HJ = 8.0 Hz), 8.30 (t, 2HJ = 5.0 Hz),
8.14-8.07 (m, 4H), 7.98 (d, 2H,= 9.0 Hz), 7.87 (d, 2H] = 9.0 Hz), 7.58 (d, 2H] =
8.0 Hz), 7.52-7.49 (m, 2H), 7.22 (t, 28= 7.5 Hz), 6.31 (d, 2H) = 7.0 Hz).**C
NMR (DMSO-&;, 125 MHz) (Fig. S3b, supporting information): 158, 153.09,
152.94, 150.85, 150.57, 149.38, 148.85, 146.29,7¥43142.67, 142.21, 140.57,
140.35, 137.81, 135.71, 135.48, 133.86, 131.55,4B30130.38, 129.85, 129.59,
128.93, 128.87, 128.62, 126.81, 125.57, 125.35,3424122.81, 120.66. ESI-MS
(CHsCN): 876.0 ([M— PR|"). HRMS (CHCN): 876.1687 (M- PR]") (Fig. S4b,

supporting information).

4.2.3. Synthesis of complex [Ir(piq).(NDPP2Z)] PFg (Ir-3)

The complex is obtained by the same method as idledcin the synthesis of
complexlr-1, with [Ir(piq).Cl]2-:2H,0 [79] in place of [Ir(ppyCl]>-2H.0. Yield: 78%.
Anal. Calc for GgH29N;O:IrPFs: C, 53.73; H, 2.72; N, 9.13%. Found: C, 53.82; H,
2.79: N, 9.01%'H NMR (DMSO-d;, 500 MHz) (Fig. S2c, supporting informatios):
9.73 (d, 2HJ = 6.5 Hz), 9.20 (d, 1H] = 2.5 Hz), 9.02 (d, 2H] = 8.5 Hz), 8.76 (d,
1H,J = 6.5 Hz), 8.67 (d, 1H] = 9.5 Hz), 8.40 (d, 2H] = 8.0 Hz), 8.20-8.15 (m, 4H),
8.05 (t, 2H,J = 6.5 Hz), 7.88 (t, 4H] = 7.5 Hz), 7.56 (t, 2H] = 6.5 Hz), 7.50 (dd, 2H,
J=6.0,J=6.5Hz), 7.18 (t, 2H] = 7.5 Hz), 6.98 (t, 2H] = 7.0 Hz), 6.28 (d, 2H] =
7.5 Hz).**C NMR (DMSO-@, 125 MHz) (Fig. S3c, supporting information): 189,

152.87, 152.52, 152.36, 150.24, 149.95, 148.83,4B45143.77, 142.65, 142.19,
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141.21, 140.57, 136.67, 135.76, 135.54, 132.22,6831131.55, 130.79, 130.73,
130.55, 130.49, 129.51, 128.97, 128.92, 127.76,5826125.63, 125.54, 125.34,
122.65, 122.21. ESI-MS (GBN): 928.07 (M- PRs]"). HRMS (CHCN): 928.2034

(IM - PR]") (Fig. S4c, supporting information).

4.3. Cytotoxicity assay in vitro

Cancer cells suspension were seeded in 96-welbani@y plates (1 x fGells
per well) and incubated overnight at 37 °C in a &%, incubator. All tested
complexes were dissolved in DMSO, and the finalcemtration of the complexes
ranged from 3.125-100M. The 96-well plates were incubated for 48 hour87a°C
in a 5% CQ incubator. When the incubation is complete andctiiure in the wells
is removed, add 90L of the culture medium and 10 of the MTT dye solution (20
uL, 5 mg/mL) to each well. After 4 h, buffer (1@Q) containing dimethylformamide
(50%) and sodium dodecyl sulfate (20%) was addesbligbilize the MTT formazan.
The microplate reader was used to measure the tebsm of each well at a
wavelength of 490 nm. The dg@values were determined by plotting the percentdge
viable cells versus concentration on a logarithrgraph and reading off the
concentration at which 50% of cells remain vialdmtive to the controEach set of

experiments must be repeated at least three toneadulate the average.

4.4. Localization assay of the complex in the mitochondria

SGC-7901 cells were placed in 12-well microassaiuri plates (1 x 10cells
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per well) and grown overnight at 8 in a 5% CQincubator. The compounds of the
corresponding concentration were added to the val87°C in a 5% CQ incubator
for 9 h and the cells were stained with MitoTrackRerep Red FM (150 nM) at 3T
for 30 min. Upon completion of the incubation, tvells were washed three times
with ice-cold PBS. After discarding the culture mad, the cells were imaged under

ImageXpress Micro XLS system (MD company, US).

4.5. Mitochondrial membrane potential (MMP) assay

SGC-7901 cells in 12-well plates were treated wamplexedr-1-1r-3 for 24 h,
and then washed three times with 5Q00f cold PBS per well.The cancer cells are
separated by using trypsin-EDTA  solution.l  ug/mL of JC-1
(5,5',6,6'-tetrachloro-1,1',3,3'-tetraethyl-imiddm@cyanine iodide) was used to dye
the cells at room temperature for 20 minutes indék. The cells were immediately
centrifuged to remove the supernatant. Then thepedlets were suspended in PBS
and imaged under ImageXpress Micro XLS system (MBgany, US), and the ratio

of red/green fluorescence intensity was determimefiiow cytometry.

4.6. Reactive oxygen species (ROS) detection
4.6.1. Intracellular ROS levels detection

The specific fluorescent probe 2,7-dichloro-dihytirorescein diacetate
(DCFH-DA) was used to investigate the changes dfadgellular ROS levels.

SGC-7901 cells were placed in a 12-well plate @emsity of 1.5 x 10per well. After
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24 h, the medium in the wells was replaced with iomad containing the
corresponding concentration bf-1-1r-3 and incubation for 24 h. Finally, the cells
pellets were suspended in PBS and imaged underelipgss Micro XLS system
(MD company, US), and the DCF fluorescence intgngis calculated by flow

cytometry.

4.6.2. Intracellular superoxide anion detection

The level of superoxide anion in cells is detedigdDHE (Dihydroethidium) as
a fluorescent probe. SGC-7901 cells were placedli-well plate at a density of 1.5
x 10° per well. After 24 h, the medium in the wells waplaced with medium
containing the corresponding concentratiorrel-Ir-3 and incubation for 24 h. The
cells were then treated in the dark for 30 min WRBS solution containing 10M
DHE dye. Finally, the cells are imaged and the eetipe fluorescence intensities are

calculated by using the ImageXpress Micro XLS sysf®ID company, US).

4.6.3. Intracellular nitric oxide level detection

DAF-FM DA (3-amino-4-aminomethyl-2',7'-difluorescediacetate was used as
fluorescence probe to determine the intracelluiaicnoxide levels. SGC-7901 cells
with a density of 1.5 x fOper well were seeded in 12 wells and incubatedngiat
in an incubator. Next, replace the medium in thewgl plate with the medium
containing the corresponding concentratiorirel-Ir-3 and continue to be incubated

for 24 h. Finally, the cells are imaged and theeesive fluorescence intensities are
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calculated by using the ImageXpress Micro XLS sysf®ID company, US).

4.7. Apoptosis assay by AO/EB staining methods

Acridine orange and ethidium bromide (AO/EB) stagiwas used to detect the
apoptotic morphology of SGC-7901 cells. SGC-7901scgere placed in a 12-well
plate at a density of 1.5 x A@er well. After 24 h, the medium in the wells was
replaced with medium containing the correspondiagcentration ofir-1-Ir-3 and
incubation for 24 h. Then the cells in the wellseverashed with cold PBS, the cells
were dyed by acridine range (AO) and ethidium baem{EB) (AO: 10Qug/mL, EB:
100 ug/mL) for 10 min in the darkThe cells were imaged by ImageXpress Micro

XLS system (MD company, US).

4.8. Apoptosis assay by flow cytometry

SGC-7901 cells in the 6-well plate were treatechwit1-1r-3 and collected by
using a trypsin-EDTA solution. After the supernataas removed and the cells were
washed and stained with PBS solution containingr&@@0mL pyridine iodide (PI) and
1 mg/mL annexin V-FITC for 20 min in a dark. Thadtescence was measured at 530
nm using 488 nm excitation with an FACS Caliburwilawytometer (Beckman
Dickinson & Co., Franklin Lakes, NJ). A minimum 9,000 cells were analyzed per

sample.

4.9. DNA damage assay
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DNA damage was investigated by means of comet as$@ag-7901 cells in
culture medium were incubated with compleked, Ir-2 andlr-3 at 37 °C for 24 h.
The cells were harvested by a trypsinization pre@<24 h. A total of 100L of 0.5%
normal agarose in PBS was dropped gently onto lg fidsted microslide, covered
immediately with a coverslip, and then placed aC4for 10 min. The coverslip was
removed after the gel has been fixed ub0of the cell suspension (200 cells) was
mixed with 50uL of 1% low melting agarose preserved at 37 °Cotaltof 100uL of
this mixture was applied quickly on top of the gmlated over the microslide, covered
immediately with a coverslip, and then placed aC4for 10 min. The coverslip was
again removed after the gel has been fixed. A thodting of 50uL of 0.5% low
melting agarose was placed on the gel and allowgiaice at 4 °C for 15 min. After
solidification of the agarose, the coverslips weemoved, and the slides were
immersed in an ice-cold lysis solution (2.5 M Nat®0 mM EDTA, 10 mM Tris, 90
mM sodium sarcosinate, NaOH, pH 10, 1% Triton X-l0@ 10% DMSO) and
placed in a refrigerator at 4 °C for 2 h. All oketlabove operations were performed
under low lighting conditions to avoid additionaNB damage. After the removal of
the lysis solution, the slides were placed horiatiyntin an electrophoresis chamber.
The reservoirs were filled with an electrophordsigfer (300 mM NaOH, 1.2 mM
EDTA) until the slides were just immersed in thdféusolution, and the DNA was
allowed to unwind for 30 min in the electrophoresitution. Then the electrophoresis
was carried out at 25 V and 300 mA for 20 min. A&kectrophoresis, the slides were

removed, and washed thrice in a neutralizationdsu@00 mM Tris, HCI, pH 7.5).

28



Nuclear DNA was stained with 320 of EtBr (20ug/mL) in the dark for 20 min. The
slides were washed in chilled distilled water fOrrhin to neutralize the excess alkali,
air-dried and scored for comets by fluorescenceanapy. A total of 10 comets on

each gel were scored.

4.10. Autophagy induced by the complexes

SGC-7901 cells were placed into a 12-well plate iandbate overnight. Replace
the medium in the plate with a new medium contgnithe corresponding
concentration ofr-1-1r-3 and incubate for 24 h at 37 °C in a 5% @@ubator. After
the incubation was completed, the medium in thdsmebhs removed and the cells
were washed three times with cold PBS. The plagdld were then stained with MDC
(monodansylcadaverine) solution (50 mM) for 20 nisuat 37 °CFinally, the cells

were imaged using the ImageXpress Micro XLS sy{idin, US).

4.11. Detection of Ca”" levels

SGC-7901 cells in 12-well plates were incubatechwvilie fluorescent probe
Fluo-3AM for 24 h after treatment withr-1-1r-3 to detect changes in intracellular
Cd" levels. Fluo-3MA is easily cleaved by esterase to form Fyowhich will
produce strong fluorescence when combined witf.Gduorescent dyes in the wells
that are not bound to the cells are washed thmeestiwith cold PBS. Finally,
SGC-7901 cells were imaged by ImageXpress Micro XkSem (MD, US) and the

fluorescence intensity of each well was calculated.

29



4.12. Release of cytochrome c

SGC-7901 cells were seeded in a 12-well plate andbated overnight. Then
cells were treated with different concentrations tbk complexes for 24 h.
Subsequently, the cells were fixed with ice-colaniumol staining fix solution for 30
min at room temperature. After blocking cells withmunol staining blocking buffer
for 1 h, the cells were treated with the primaryitaody against cytochrome ¢ (1:50
dilution) overnight at £C. Next, the plate was washed with immunol stainiragh
buffer three times and probed with Alexa Fluor 4&®eled Goat Anti-Mouse 1gG
(2:500 dilution) in the dark for 1 h at room tengtere. Finally, the cells were
washed with immunol staining wash buffer three snand the cell nuclei were
stained with DAPI. The images were obtained usimggdeXpress Micro XLS system,
and Multi Wavelength Cell Scoring module was usedahalyze the data. The
integrated intensity/cell which represents the isgence intensity of each cell was
used to measure the release of cyto-c. The fluenescintensity of each cell was

calculated as the total fluorescence intensitydgigiby the number of cells.

4.13. Matrigel invasion assay

The BD Matrigel invasion chamber was used to ingast the ability of
complexes to inhibit tumor cell invasioAfter the matrix glue was placed in the
invading chamber and solidified at 3, the serum-free medium containing

SGC-7901 cells and the corresponding concentratfdm-1-Ir-3 was placed in the
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upper chamber.After incubation for 24 h, the cells were fixed wit4%
paraformaldehyde and stained with 0.1% crystalketidifter removing the uninvaded
cells in the upper chamber, the invading cells wpl®tographed by optical
microscope and the number was recordéae: experimental data were taken from the

average of three independent experiments.

4.14. Cdll cycle arrest studies

SGC-7901 cells with a density of 5 x°X&r well were plated in 6-well plates
(Costar, Corning Corp, New York) and incubated lutightly attachedAfter the
incubation, RPMI 1640 medium containing 10% FBShe wells was removed and
replaced with a new medium containing the corredpanconcentration offr-1-1r-3.
After incubating for 24 h, the cell strain was obé&al by trypsinization, and the cells
were washed with cold PB3fter being fixed with 75% alcohol, 20L of RNAse
(0.2 mg / mL) and 2@L of propidium iodide (0.02 mg / mL) were suspendiexn

the cell pellet and incubated for 30 min at roomperature.

4.15. Effects of the complexes on microtubule network

SGC-7901 cells in 12-well plates were treated Witii-1r-3 for 24 h, and the
cells were fixed with immunostaining fixative sotut for 30 min.After removing the
fixative solution, the cells were washed three smath cold PBS and incubated with
the immunostaining blocking solution for 1 h at moéemperatureAfter incubation

and washing, SGC-7901 cells were incubated withi-rabbit monoclonal

31



anti-o-tubulin antibody (1:100 dilution) overnight at £.°After washing the cells
three times with PBST, the cells were incubatedh aitti-rabbit FITC-conjugated IgG
antibody (1:500 dilution) for 1 h, and then the leuavere stained with Hoechst
33258.The cells was imaged and analyzed by ImageXpressoNKLS system (MD,

us).

4.16. Western blotting assay

When the SGC-7901 cells in the 6-well plate wetachied and grown at a high
density, the medium containing the correspondingceatration oflr-1-1r-3 was
replaced with the original medium and incubatiorsveantinued for 24 MRapidly
obtain cell protein suspension by cell lysis bufter ice bath, then perform low
temperature high speed centrifugation for 15 rfiter obtaining the supernatant, the
concentration of the corresponding protein was rdateed by BCA (bicinchoninic
acid) working solution. Add these processed pratémnthe same amount of protein
for sodium dodecyl sulfate-polyacrylamide gel eleghoresis using a micro syringe.
The separation gel was transferred to a PVDF memebrahich was then blocked
with TBST buffer containing 5% skim milk powder fdrh.The PVDF membrane
was washed four times with TBST buffer after ovghtiat 4 °C with the specific
antibody selected for specificityhe labeled secondary antibody was incubated with
the PDVF membrane bound to the primary antibodyiforat room temperature. The
blots were visualized using Amersham ECL Plus wadéotting detection reagents

according to the manufacturer's instructions. Teess the presence of comparable
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amounts of protein in each lane, the membranes stepged finally to detect the

B-actin.

4.17. Acute toxicity assay

Healthy Kunming (KM) mice (6-8 weeks old) weighidag§-22 g were housed in
rooms in which the temperature was approximatet222C, with a relative humidity
of 40-50%, and in a 12 h light-dark cycle was usetérile food and water were
provided according to institutional guidelines. Adhimals were provided by the
Laboratory Animal Center of Guangdong Pharmacelutidaiversity. All animal
procedures were approved by the Animal Ethical Cdtemn of Guangdong
Pharmaceutical University. Prior to each experimém mice were fasted overnight
and allowed free access to water. Various dosés-8franging from 1 to 10 mg/kg
dissolved in a 0.5% DMSO were administered intridpeeally to different groups of
healthy KM mice; each group contained 6 mice. Aftee compound had been
administered, the mice were observed continuousiythie first 2 h for any gross
behavioral changes or death, intermittently forribgt 24 h and thereafter for 10 days
to determine the onset of any delayed effects.aAlmals were sacrificed at the 10
days after drug administration and checked macpealtby for possible damage to
the heart, liver, and kidneys. Mice that died immatgy following drug

administration were also examined for any possibjan damage.

4.18. Antitumor activity assay
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Mice with human tumor xenografts (HOS) were prodidey the Laboratory
Animal Center of Sun Yat-Sen University. Differaetdses of 0.75 and 1.50 mg/kg of
Ir-3 were injected intraperitoneally into mice of diffa@t group (each group contained
6 mice) once a day for seven consecutive days begjr24 h after inoculation. This
dose was the maximum tolerated dose based on elimprary studies. Cisplatin (2
mg/kg) was used as a positive control. Control neege injected with the vehicle.
Compounds were administered by exact body weighh the injection volume of
200 pL. The weights of the animals were recordeéryeday. All animals were
sacrificed on the eighth days after tumor inocolatand the tumors were excised and
weighed. The inhibition rate was calculated asfoll

[(C - T)/C] x 100%
T is the average tumor weight of the treated graxgh C is the average tumor weight

of the negative control groyipl].

4.19. Ir-3 on histopathological study

In order to evaluate the degree of damagered to tumor tissues and other
normal organs in nude mice, when the animals wacgficed, the tumor, brain, heart,
lung, liver and kidney of nude mice were taken &red with 4% paraformaldehyde
for 24 hours. After fixation, each tissue was endaetlin paraffin and cut into om
sections. The sections were then stained with hemlih and eosin staining kits

purchased from the Beyotime Biotechnology Institute
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4.20. Data analysis
All data was expressed as means + SD. Statisiigaifisance was evaluated by
a t-test. Differences were considered to be sicgnifi when a P value was less than

0.05.
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Captionsfor Schemes and Figures

Table 1 1Cso (LM) values of complexes toward selected celldine

Scheme 1 Synthetic route of complexés-1, Ir-2 andir-3

Fig. 1 (A) Location assays of the complexes in the mitochandB) The change in
the mitochondrial membrane potential after SGC-766lls (a) were treated
with CCCP (b, positive control), 2.0 uM-1 (¢) and 1.0 puMr-2 (d) andir-3
(e) for 24 h. (C) The ratio of red/green fluoreszimtensity was determined
after SGC-7901 cells (a), SGC-7901 + NAC (b) weneubated with
complexedr-1 (c, 1.0 uM),Ir-1 (d, 2.0 pM),Ir-1 (2.0 pM) + NAC (e);lr-2
(f, 1.0 uM),1r-2 (g, 2.0 uM),Ir-2 (2.0 uM) + NAC (h) andr-3 (i, 1.0 pM),
Ir-2 (j, 2.0 uM),Ir-2 (2.0 uM) + NAC (k) for 24 h.

Fig. 2 Intracellular ROS was detected in SGC-7901 celei@osure to ROSUP (b,
positive control), 2.0 uM dlfr-1 (c), Ir-2 (d) and 1.0 uM ofr-3 (e) for 24 h.
(B) the DCF fluorescence intensity was determinféel £GC-7901 cells were
exposed to ROSUP and 2.0 uM lot1, Ir-2 and 1.0 uM oflr-3 in the
absence or presence of NAC for 24 h. (C) Qevel was detected in
SGC-7901 cells (a) exposure to 2.0 uMipfl (b), Ir-2 (c) and 1.0 uM of

Ir-3 (d) for 24 h. (D) the DHE fluorescence intensitgsmdetermined after
44



SGC-7901 cells were exposed to 2.0 uMmd, Ir-2 and 1.0 uM ofir-3 in
the absence or presence of NAC for 24 h. (E) Nllevas detected in
SGC-7901 cells (a) exposure to 2.0 uMipfl (b), Ir-2 (c) and 1.0 uM of
Ir-3 (d) for 24 h. (F) the DAF-FMDA fluorescence intégsvas determined
after SGC-7901 cells were exposed to 2.0 uNrdt, Ir-2 and 1.0 uM ofr-3
in the absence or presence of NAC for 24 h. (G) &wession of p38MAPK
induced by 2.0 uM ofr-1, Ir-2 and 1.0 uM ofir-3 for 24 h. P < 0.05
represents significant differences compared withtrod.

Fig. 3 (A) Apoptosis assays of SGC-7901 cells (a) exposeditpM of Ir-1 (b), Ir-2
(c) and 1.0 uM ofir-3 (d) for 24 h and the cell nuclei were stained with
AO/EB. (B) The apoptotic percentage of SGC-7901sdeal) were treated with
2.0 uM oflr-1 (b),Ir-2 (c) and 1.QuM Ir-3 (d) for 48 h.

Fig. 4 Comet assays of SGC-7901 (a) exposure to 2.0 pivtbib), Ir-2 (c) and 1.0

UM of Ir-3 (d) for 24 h.

Fig. 5 (A) Autophagywas assayed after SGC-7901 cell (a) was treatdd 2:t uM
of Ir-1 (b), Ir-2 (c) and 1.0 uM ofr-3 (d) for 24 h. (B) The expression of p62,
Beclin-1 and LC3 while SGC-7901 cells were expose@.0 uM oflr-1 (b),
Ir-2 (c) and 1.0 uM ofr-3 (d) for 24 h.

Fig. 6 Relationship between cell viability and ROS oropitagy after SGC-7901
cells were incubated with 2.0 uM bf-1 (b), Ir-2 (c) and 1.0 uM ofr-3 (d) in
the absence or presence of NAC or 3-MA for 24 h.

Fig. 7 (A) Intracellular C4&" levels were assayed after SGC-7901 cells (a) were
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Fig.

Fig.

Fig.

Fig.

Fig.

exposed to Ca free medium (b), 2.0 pM df-1 (c), Ir-2 (d) and 1.0 uM ofr-3
(e) for 24 h. (B)Fluo-3 fluorescent intensity compared with the cointvas
determined after SGC-7901 cells were treated wit €ee medium, 2.0 pM of

Ir-1, Ir-2and 1.0 uM ofr-3 for 24 h.

8 (A) The release of cytochrome c was assayed after IIBC-Tells (a) were

exposed to 2.0 uM dfr-1, Ir-2 and 1.0 uM olr-3 for 24 h. (B) The integrated

fluorescent intensity/cell compared with control swaetermined after the

treatment of SGC-7901 cells with 2.0 puMlofl, Ir-2 and 1.0 uM ofr-3 for 24

h. *P < 0.05 represents significant differences compariéa control.

9 (A) Cell invasion of SGC-7901 cells (a) that hawegrated through the

Matrigel induced by 2.0 uM dfr-1 (b), Ir-2 (c) and 1.0 uM ofr-3 (d) for 24 h.

(B) Inhibiting percentage of cell invasion indudey different concentration of

complexeslir-1, Ir-2 and Ir-3 for 24 h. P < 0.05 represents significant

differences compared with control.

10 Cell cycle distribution of SGC-7901 cells (a) egpee to 2.0 uM ofr-1 (b),

Ir-2 (c) and 1.0 uM ofr-3 (d) for 24 h.

11 Assays of microtubules network of SGC-7901 cel)sirfduced by 2.0 uM of
Ir-1(b),1r-2(c) and 1.0 uM ofr-3 (d) for 24 h.

12 (A) Western blot analysis of p53, Cleaved PARP, casfadgcl-2 family
protein in SGC-7901 cells treated with 2.0 uMlofl, Ir-2 and 1.0 uM of

Ir-3 for 24 h.p-actin was used as internal control.
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Fig. 13 The in vivo antitumor activity of complelk -3 against SGC-7901 xenograft
model (A) Relative volume of tumor. (B) Photograpbg tumor from
treatment groups and vehicle group. (C) Tumor we{fean = SD) g after
the tumor was treated with the compléx3 for 7 days. (D) Inhibiting
percentage of tumor growth induced by cisplatin diftrent concentrations
of complexIr-3. *P < 0.05 represents significant differences compavizd
control.

Fig. 14 Effect of cisplatin and compldx-3 on the tissue: Lung, heatrt, liver, brain and
tumor compared to the control group.

Fig. 15 The apoptotic mechanism induced by the compléxdsir-2 andlr-3.
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Table 1 ICsq values of the complexes toward the selected cancer cell lines

Complex  SGC-7901 A549 Hela Eca-109 HepG2 BEL-7402 NIH3T3
NDPPZ 82.1+4.3 >100 82.8+35 81.6%+4.4 >200 > 200 > 200
Ir-1 1.8+04 36%+02 36+06 49+05 52%+05 57+07 6410
Ir-2 16+03 42+08 41+11 57+05 63%x14 55+08 6.1+09
Ir-3 08+0.1 34+02 41%+02 45+12 57+13 44+12 83%17
Cisplatin 3.6+05 75%+13 7.0+10 11.2+06 125+15 10.8%1.6 ND
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Highlights

» Theiridium(l11) complexes were synthesized and characterized.

» Thecytotoxicity in vitro was studied by MTT method

» Theapoptosis, cell cycle arrest and intracellular ROS level s were assayed

» The effect of the complex on the tumor growth was evaluated



