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ABSTRACT

Ruthenium complexes have attracted a surge ofesit@rs anticancer drug candidates because of
their low toxicity, diversity in mode-of-actions @mon-cross drug resistance with conventional
platinum-based agents. Despite remarkable advarmeyg, a limited number of ruthenium
complexes have been demonstrated to kill cancés artl suppress metastasis simultaneously.
Here, two organometallic tetranuclear Ru(ll) arexmmplexes Ru-1 and Ru-2) have been
synthesized and evaluated for thigirvitro activity against a panel of human cancer celldjne
including a cisplatin-resistant human lung cancB4®cell line. A superior cytotoxic activity of
the ruthenium complexes compared to cisplatin acdistinct cell lines was observed. Further
examination of the mechanism indicated that antieamactivity was accomplished by inducing
apoptosis in cancer cells. In addition, we foundtthuch compounds exhibited promising
antimetastatic activity and reduced the invasiver@dscancer cells. Importantly, choosiRg-1

as a target compound, a significantly enhancedyspfefile relative to cisplatin in animals was
validated, suggesting that these complexes canskd as promising candidates for cancer

therapy and deserve further investigation.
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1. INTRODUCTION

Since the first discovery of cisplatin in the 1960k platinum agents have been extensively used
as standard-of-care drugs to clinically treat aergrof types of cancer [2]. However, severe side
effects (e.g., nephrotoxicity and myelosuppressamy intrinsic or acquired resistance of using
these platinum agents have significantly impededthierapeutic benefits. Consequently, there is
a considerable incentive for the exploration of @lovon-platinum anticancer agents over the
past decades [3-5]. In line with this considergtian number of metallodrugs have been
synthesized and evaluated in preclinical animal elgdand some of them have entered different
stages of clinical trials [6, 7]. However, despienarkable advances, none of metallodrugs have

been developed as successfully as platinum drugs.

Ruthenium complexes have attracted consideraldeeisit as alternative chemotherapeutics to
platinum-based agents. Currently, several ruthenaompounds, such as [Nigns[Ru(N-
ind),Cls] (NKP1339) and [imiHfrans-[Ru(N-imi)(S-dmso)C}] (NAMI-A), have entered phase Il
clinical trials [8]. For instance, NAMI-A shows nlegible cytotoxicity toward tumor cells but is
efficient against tumor metastasis and angiogenésisthe other hand, during the last decade,
ruthenium(ll) (Ru(ll)) arene complexes have beentipalarly interesting as anticancer drug
candidates, presumably due to their chemical ptiggerair stability, agueous solubility, and
structural diversity [9]. The arene ligands areedbl coordinate with the Ru(ll) metals strongly,
thereby making the overall complexes inert towardssitutions and stabilizing Ru(ll) ions in a
low oxidation state [10-13]. Thus, arene coordmatcan confer complexes with enhanced
hydrophobicity compared with other types of Ru@idmplexes, thereby altering cellular uptake.
In addition, the remaining three ruthenium coortdorasites can be occupied with other ligands,
readily forming a piano-stool” geometry, which is typical for Ru(ll) arene corapés [14-16].
These types ofgiano-stool” anticancer complexes have been demonstratedaw simhanced
cellular uptake and interact with intracellulargets specifically [12]. Prior studies also indichte
that Ru(ll) complexes bearing mconjugated arene ligand and various mono- or l&len
ligands with distinct donor atoms, including N-STIN-O [18], N-N [19], N-P [20], O-O [21],
P-P [22] [21], and NHCJ[23], are regarded as cytmtoadrug candidates without exhibiting
antimetastatic activity. Therefore, ruthenium coexgls that have the ability to simultaneously

kill cancer cells and suppress metastasis are pmogndrug candidates for the management of
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metastatic cancers from a clinical perspective.

In the continuing effort to develop Ru(ll) complexave designed novel tetranuclear Ru(ll)
arene complexes bearing aroylhydrazone ligandseaptbred them as efficaciously cytotoxic
and antimetastatic agents against cancer cell. l@as molecular design is based on hydrazone
motifs. Hydrazone and its analogs are a class efmiwost vital natural products, showing
biological activities including anticancer prope#i[24]. Moreover, hydrazone exerts anticancer
activity via different modes of action, such as kinase inlohititelomerase inhibition, and cell
cycle arrest [25, 26]. These unique functions madrazones attractive motifs for the creation
of therapeutic ruthenium complexes [27]. Ru(ll) gdexes have been broadly examined either
as single anticancer agents or in combination wather cytotoxic agents; therefore,
hybridization of arene Ru(ll) with other bioactipdarmacophores is an effective strategy to

design novel anticancer agents.

The development of multinuclear metal complexegls® of considerable interest as drug
candidates for anticancer treatment [28]. For exeamBBR3464 [29], a trinuclear cisplatin
compound, is 2-3 orders of magnitude more actiaa ttisplatin in cisplatin-resistant cell lines.
However, this agent did not show significant claliactivity in phase Il trials [30], suggesting
further structural optimization are needed. Despitese advancements, multinuclear Ru(ll)
arene complexes are scarcely explored as anticagesits to date [31]. Herein, we rationally
incorporated a hydrazone moiety into tetranuclea(llR arene complexes to improve the
pharmacological activity. To test this rationaleyot tetranuclear arene Ru(ll) hydrazone
complexes (i.e.Ru-1 and Ru-2) were designed, and the anticancer activity waaluaved.
Thein vitro cell-based results supported the high potencysifiguour Ru(ll) complexes to
induce cell death against a small panel of caneklines, including a cisplatin-resistant human
lung cancer A549 cell line. More interestingly, tRe-1 complex was able to inhibit the
migration and invasion of cancer cells. Finallyg th vivo toxicity studies clearly demonstrated
thatRu-1 possessed higher safety margins in animals comparthe cisplatin agent, warranting

further investigation.



2. RESULTS AND DISCUSSION

Synthesis and characterization of tetranuclear Ru() arene complexes

The hydrazone ligands were easily prepared in gagds by the condensation of benzitY) and
oxalaldehydel(-2) with isoniazid at a 1:2 molar ratio following gepiously established protocol, as
shown inScheme S114]. These ligands were further allowed to reeith the ruthenium(ll) arene
precursor [{°-p-cymene)RuGl,) in a 1:2 molar ratio in the presence ofNEas the base at room
temperature. This synthetic scheme enables thetétnanuclear arene Ru(ll) complexes (iRu-1
and Ru-2) to be obtained with the common formula J&fp-cymene) (L1-2)(Cl)g] in excellent

yields Figure 1).
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Figure 1. Structures of tetranuclear Ru(ll) arene hydrazameptexes.

The Fourier-transform infrared (FT-IR) spectra ohet free ligands displayed
ve=n @ndve-o stretching vibrations in the region of 1548-158% tand 1650-1656 crh respectively
(Figure S1). This suggested that free hydrazone ligands presented in the amide form in the solid
state. However, absorption peaks that are assigmady andvc.o stretching vibrations were not
observed in the complex&si-1 andRu-2 (Figure S2. The coordination of the ligands to the Ru(ll)
ion through an azomethine nitrogen is expecteddaae the electron density in the azomethine link,

which could induce spectral change. We indeed wbdesuch a shift of the vibrational frequency to
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1487-1499 crt upon ligand complexation, indicating the coordavabf azomethine nitrogen to the
Ru(ll) ion. On the other hand, the absorption bamisthe spectral range of 1334-1336
cm * corresponded to the imidolate oxygen that was a&geto coordinate to the Ru(ll) metal.
Furthermore, the complexes showed the strong l@mdssponding tou.y in the region of 514-523
cm * (Figure S2. Therefore, the FTIR spectra confirmed the mddeoordination of the hydrazone
ligand to the ruthenium(ll) iomathe azomethine nitrogen and imidolate oxygen [3].
Accordingly, the ligands are coordinated to mati@ imine nitrogen and imidolate oxygen

atoms.

Furthermore, we determined the absorptioRwfl andRu-2 using a UV-vis spectrophotometer.
As depicted irFigure S3 Ru-1 andRu-2 exhibited strong absorption at approximately 30@-8m
and 255-257 nm, which correspond to highly intersset and n-z* ligand-centered transitions,
respectively. Moreover, the relatively low absamptin the visible region from 479-484 nm could be
assigned to MLCT transitions [33]. We then cargfaliaracterized both complexes usihigand**C
NMR spectra, and the characteristic signals fropradinatedp-cymene appeared at the expected
shifts [34]. ThéH NMR spectra of both complexes were recorded iClzBnd are shown iRigure
S4-5 Multiplets observed in the region &7.09-8.73 ppm were assigned to the aromatic psadbn
hydrazone ligands in the complexes. In additioa sihglet peaks at 10.8 ppm are due to the presence
of the —NH proton in free ligands. The cymene prstappeared in the region®5.83-3.67 ppm. In
addition, the methyl group pfcymene appeared as a singlet at approximatélyd1-2.34 ppm.
Furthermore, the two isopropyl methyl protong-alymene appeared as two doublets in the region
of 6 0.55-1.23 ppm, and the methine protons are praséné region ob 2.34-2.87 ppm as a septet.
Furthermore, th&’C NMR spectra of the complexes are showRigure S6-7 the signals of the
aromatic carbons showed singlet resonances atdpmtely 112.4-136.4 ppm. The resonance
due to C=N and C-O was observed at approximatebyOlppm and 174.0 ppm, respectively.
The signals observed at 78.6-85.6 ppm and 7.9-10@0 confirmed the presence of the
cymene ligand in the complexes [25]. ESI-MS analysas performed to validate the final
adducts, showing that the peaksndz 1460.6 and 1305.6 can be assigned to the tetesrucl

form of theRu-1 andRu-2 complexes, respectivel¥igure S8-9.

After systemic injection, noncovalent interactiobgtween ruthenium complexes with

abundant serum proteins will occur, which may cdass-of-function of the administered drugs.
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The formation of new noncovalent species could feahias a gradual shift in the UV-vis profile
[35]. Therefore, to examine this possibility, we nitored the UV-vis spectra of the complexes
in Dulbecco’s modified Eagle’s medium (DMEM) comtimg 10% fetal bovine serum (FBS) and
in phosphate-buffered saline (PBS) containing 10480 [36]. In DMEM with 10% FBS, both
the Ru-1 and Ru-2 complexes exhibited minimal changes in the UV-misfiles, indicating
negligible associations with serum proteins [3@]atdition, the two complexes remained intact
toward hydrolysis in the mixture of DMSO:PBS, masting high stability over 72 h at 8 h
intervals Figure S10.

In vitro cytotoxicity against human cancer cells

Next, we assessed the vitro cytotoxicity of theRu-1 and Ru-2 complexes against various
human cancer cell lines (i.e., A549, A549cisR, MGEoVo, and HuH-7). After a 72-h incubation of
the compounds, the cell viability was determinedhgyconventional MTT assay. In this experimental
setting, cisplatin was also included as a refereé summarized the values of the half maximal
inhibitory concentration (I1€5) in Table 1 Undoubtedly, we observed the superior activitusihg
Ru-1 andRu-2 relative to cisplatin in all tested cancer celek Figure 2). More interestingly, both
complexesRu-1 andRu-2 showed much lower Kgvalues in cisplatin-resistant A549cisR cells. For
instance, cisplatin displayed ansiGralue of 17.24 + 1.5M in A549cisR cells; howeveRu-1
andRu-2 significantly decreased these values to 3.39 :a0¢5.70 £ 0.3M in A549cisR cells,
respectively. Several cellular processes can daritrithe resistance of cells toward cisplatin,
including the decrease in intracellular drug uptdke enhanced level of thiol-rich proteins (e.g.,
metallothionein and glutathione), the increased Dipair, and the tolerance of cell-death
pathways [38]. However, we observed potent cytaibxof Ru-1 andRu-2 in cisplatin-resistant
A549 cells, as evidenced by the drug resistanctorfg@able 1). Therefore, the complexes

presented here hold the potential to overcome @sigtance induced by cisplatin.
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Figure 2. Invitro cytotoxicity in @) A549 cells, o)) A549cisR cells,d) MCF-7 cells, {) LoVo cells and€)
HuH-7 cells after 72-h treatment witu-1, Ru-2 and cisplatin.

Table 1. Antitumor potential of Ru(ll) arene complexes aft@ h of incubation (expressed agSD in
HM). [a]

Cellline  Type of cancer cell lir Ru-1 (FI)™ Ru-2 (FI) cisplatir

A549 Lungcarcinom:i 1.39 +0.15 (1.9 1.41+0.2:(1.9) 2.68+ 0.1¢
A549cisF  Lung carcinom 3.39+£0.47(5.1) 5.70+ 0.32(3.0) 17.24+ 1.5Z
CIRE 2.4% 4.0 6.4

MCF-7 Breast adenocarcinol 2.63+0.30 (1.6 291+0.35(1.4 4.24+0.2¢
LoVo Colonadenocarcinorn 2.04+0.10 (1.7 2.09+0.77 (1.6 3.45+0.27
HuH-7 Hepato cellular carcinon  1.71+ 0.20(1.8) 1.98+0.30 (1.5 3.04+0.2¢
RAW 264.7 Murine macrophage ces 10.47+1.1€(0.70 7.91+1.5((0.92 7.30+1.20
HUVEC S#(;‘;?;‘ell‘igl‘bcigﬁgvei” 6.16 +0.26 (0.80) 5.89+0.18(0.83) 4.90+0.4.3
og P -0.6¢ 0.5¢ .

[a] Determined by MTT assay. §6values indicate the molar concentrations of wilgll) complexes
Ru-1 andRu-2, and cisplatin required to inhibit 50% of cell gith with respect to control groups. The
data obtained are based on the average of thrependent experiments, and the reported errorshare t
corresponding standard deviations.

[b] FI (fold increase) is defined as:l&cisplatin)/IG, (Ru-1 or Ru-2).
[c] RF (resistant factor) is defined asd@ A549cisR/IGyin A549.
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[d] The logP, values determineda the shake-flask method against n-octanol/watér, (#v) partition.

Drug selectivity in killing cancer cells over noncacerous cells

One of the major limitations of existing antitumdrugs is their poor selectivity for killing
cancer cells over noncancerous cells, which usuallyses side effects and impairs the dose
intensification of drugs in clinic. To assess wieetRu-1 andRu-2 exert the activity as cancer-
selective agents, we additionally tested the cyioity in noncancerous cell lines including
murine macrophage RAW 264.7 and human umbilicah esidothelial HUVEC cells. Cisplatin
exhibited the high cytotoxicity in both cells; tH€s, values in noncancerous cells are
comparable with those in cancer cellalple 1 and Figure S1) Interestingly, the complexes
Ru-1 andRu-2 were less toxic than cisplatin in both tested R284.7 and HUVEC cells.

The selectivity index (SI) for each complex candafined as the ratio of the 4&value in
noncancerous cells to the sfvalue in cancer cells and is summarizedFigure 3. The
cytotoxicity difference between cancer cells oveneancerous cells was higher of using the
Ru(ll) complexes than that of using cisplatin. lartular, Ru-1 demonstrated the superior
selectivity for killing cancer cells over noncammes cells Figure 3). These results thus
evidenced the advantages of the compldxed andRu-2 as cancer-selective agents, and they

should have the potential to reduce the toxicithealthy cells and organs when considering the

in vivo use.
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Figure 3. The selectivity index of Ru(ll) complexes andptatin. The selectivity index is defined as th®ra

of the 1G, value in RAW 264.7 or HUVEC cells to thesi@alue in cancer cells.



The EdU incorporation assay was further perfornteduvaluate the antiproliferation activity
of theRu-1 andRu-2 complexes in A549 cells after 24 h of treatmé&ng(re 4a). We chose the
IC, concentration for thisn vitro experiment. The results clearly showed that treplatin
treatment only produced a negligible effect onghaiferation of A549 cells, wheredu-1 and
Ru-2 significantly reduced their activity. The inducti@f A549 cell apoptosis bRu-1, Ru-2
and cisplatin was investigated by apoptosis asssysg AO/EB staining and fluorescence
microscopy. AO is a vital dye that can stain botle land dead cells and shows green
fluorescence. EB only stains cells that have lostrtmembrane integrity and exhibits red
fluorescence. Necrotic cells are stained in rechaue nuclear morphologies that resemble those
of viable cells. Apoptotic cells appear green ardildt morphological changes, such as cell
blebbing and the formation of apoptotic bodies [3%® shown inFigure 4c, untreated A549
cells showed consistently green fluorescence witmabmorphologies; however, the A549 cells
treated with Ru-1, Ru-2 and cisplatin showed red orange fluorescence widgniented
chromatin and apoptotic bodies under fluorescenceostope observation, suggesting that low

concentrations dRu-1, Ru-2 and cisplatin predominantly induced apoptosis b4 @ cells [40].

Lipophilicity plays a vital role in influencing thantitumor activity of a given Ru(ll) arene
compound. We thus determined the distribution cciefiits (logP) by employing the “shake-
flask” method to correlate the cytotoxicity withighfactor. As illustrated irFigure S12 and
Table 1, Ru-1 andRu-2 exhibited logP. values of -0.68 and 0.53, respectively. g1
complex, showing high lipophilicity, may more egspenetrate cell membranes to enhance
apoptosis than thieu-2 complex [41].

The superior cytotoxic activity oRu-1 and Ru-2 may also be partially attributed to the
extendedt-n* conjugation of phenyl ring resulting from ligamdordination of the arene Ru(ll)
ion [42]. Numerous Ru(ll) arene complexes have lsssessed for their antiproliferative activity
[14, 43]. However, complexes bearing hydrazonesuwith multiple Ru(ll) metal centers have
not been explored thus far. This lack of study goted us to further develop novel multinuclear
Ru(ll) candidates and explore the efficacies foncem therapy [44]. Gratifyingly, through
rationally tailoring four metal active sites, thevitro activities could be further optimized and
improved on the basis of the tetranuclear Ru(narscaffold. Moreover, the increased activity

and selectivity of these tetrametallic complexeghnibe attributed to synergistic cooperation
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between the four metals and the hydrazone ligahéseby supporting our design rationale for
generating multinuclear Ru(ll) candidates. Furtla¢tempts could be made to create new Ru(ll)
complexes as potential anticancer candidates bgrpocating different spacers or altering

substituents on the arene moiety.
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Figure 4. g A Click-iT EdU assay for determining the prolifégion of A549 cells. The cells were treated
with Ru-1 (0.4 uM), Ru-2 (0.4 uM) and cisplatin (0.9 uM) for 24 ) Quantification of cell
proliferation. The data are presented as the meansd.; 5 regions with a total of 1500-2000 cells
analyzed; *P<0.01.c) Dual AO/EB fluorescent staining of A549 cellseaftreatment wittRu-1 (0.4
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MM), Ru-2 (0.4 puM) and cisplatin (0.9 pM) for 24 k) Cell death rates in AO/EB staining were
quantified. The data are presented as the meand.;xrs5 regions with a total of 1500-2000 cells
analyzed; *p<0.01.

Ru(ll) arene complexes induce cancer cell apoptosis

Apoptosis and cell cycle arrest in the cells aeertiain reasons accounting for the inhibition of
cell growth [45]. To examine whether the inhibitiohcancer cell growth was a consequence of
apoptosis induced by the complexes, we performedlexa Fluor 488 Annexin V/propidium
iodide (PI) double-staining assay in A549 cells.riby apoptosis, phosphatidylserine will be
exposed on the outer leaflet of the cell membraviech can be specifically detected by the
binding of fluorescently labeled annexin V [46].téf treatment of the cells (1 pNMRu-1, Ru-2
and cisplatin) for 24 h, fluorescence-activated seiting (FACS) was conducted to analyze the
number of apoptotic cells. As shown fiigure 5a, the incubation of cells with the complexes
induced a high level of apoptosis, and mainly,ta &poptotic event was observed. In addition,
compared with cisplatifRu-1 andRu-2 were more potent in inducing apoptosisAis49 cells,
which was consistent with the MTT assay results].[I®regulated cell-cycle control is a
fundamental aspect of cancer, and the processatedeto the proliferation and death of cancer
cells [37]. Therefore, theleect of complexes on cell cycle progression wasstigated using
FACS. As shown irFigure 5¢ upon exposure of A549 cells to drugs at a 1 pMceatration
for 24 h, the percentage of cells in the GO/G1 phidecreased from 67.13% to 28.3%, 24.18%,
and 30.5% foRu-1, Ru-2 and cisplatin, respectively. NotabRRu-1 andRu-2 elicited a strong

S phase arrest in cells, accounting for 68.2% ahd0Po of the cell population, respectively
(untreated cells, 21.30%). Thus, the enrichmenthefS phase of cancer cells may result in

apoptosis by disrupting the cell cycle [47].
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Figure 5. Ru(ll) complexes significantly induce apoptosisAB49 cells. The concentrations Biu-1,
Ru-2 and cisplatin used in these studies wereML (a-b) Apoptosis of A549 cells after treatment with
compounds was determined by an Alexa Fluor 488 Rinn¥/propidium iodide (PI) double-staining
assay. The apoptotic ratio is shown in the uppeehand the quantitative results are shown irldher
panel. ¢-d) A549 cells were treated with drugs for 24 h, #mel cell cycle was analyzed by FACS. The
histogram shows the distribution of the cell cydétalicating that Ru(ll) complexes mainly arrestedls

at the S phase arrest.
Ru(ll) arene complexes inhibit cell invasion and ngration

Metastasis and invasion are important incidenceshé later period of cancer progression.
Therefore, the inhibition of metastasis and invasgcritical for efficient cancer treatment [48].
Cell migration occurs during physiological processevhich play a crucial role in the

progression of various diseases, including canlgenitro migration assays are essential to
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understand the mechanism of cell migration and dentify the inhibitory ability of the
complexes. The migration is measured by determitiegspace in the wound closure that is
occupied by cells 24 h after treatmeftigure 6a and b). In A549 cells, migration was
significantly reduced after treatment witu-1 andRu-2 at 0.4 uM, while cisplatin (0.9 uM)
was clearly less active. For example, the ratiosaind closure were 18.8%, 23.3%, and 42.3%
for Ru-1, Ru-2, and cisplatin, respectively [49]. In addition,rithg the progression of cancer,
tumor cells acquire the ability to penetrate the@inding tissues in a process called invasion.
These metastatic cells enter lymphatic or vasatitaulation and move through the circulatory
system and attach to a new distant location, priodwsecondary tumors. An effective anticancer
drug should be able to impair the movement of cawce#ls from the primary sites to other
organs in cancer patients. Therefore, the invass®wf cancer cells was examined by Transwell
assay [50]. The invasive A549 cells were seede@ dmatrigel-coated membrane and treated
with Ru-1, Ru-2 and cisplatin (0.4, 0.4 and 0.9 uM, respectivety) Z4 h. Upon the treatment
with the Ru-1 and Ru-2 complexes, the numbers of invaded cells were fsogmitly reduced
compared to those of the untreated cdfigfre 6¢c andd) [51]. Taken together, these results
provide evidence that in addition to cytotoxic waityi, these tetranuclear Ru(ll) complexes have

the ability to suppress metastasis and invasiaanter cells.
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d) The number of invading cells upon treatment wlithgs was significantly reduced compared with that
of the untreated cells.

In vivo systemic toxicity

Finally, to explore the systemic toxicity, a serief animal experiments were carefully
conducted. Because of the superior cytotoxicity antimetastatic activity oRu-1 observed in
the cell-based results, we chdRa-1 as a model compound to evaluate the safety profile
healthy ICR mice. The mice (n = 9, four females dnw& males in each group) were
intraperitoneally injected wittRu-1 (dissolved in DMSO, 3, 6, 12, 18, and 25 mg/kgk fi
successive times every other day. For comparisseigie, the vehicle DMSO and cisplatin

administered in its clinical formulation (3, 6, abh® mg/kg) were injected. The body weights and
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survival of the mice were recorded during the mkodthe study. Unfortunately, all of the mice
receiving cisplatin at a dose of 6 mg/kg died, wlasrthe survival rate iRu-1-treated mice (6
mg/kg) was 100%HKigure 7), and the body weight remained stalffég(re S13. We further
intensified the doses of thu-1 complex in animals and found that seven out oé mrce could
tolerate the dose of 12 mg/kg. The J¥alues were estimated on the basis of the thrdshiol
which the body weight loss exceeded 20%. Imprebsitiee LDso value ofRu-1 (18.1 mg/kg,
95% LDso, 13.9-25.8 mg/kg) was at least 6-fold higher ttraat of cisplatin (less than 3 mg/kg).

100+ Saline
1 ‘—l—é— DMSO

=
2 80+ Iy A : :
c ] ) C!splat!n, 3 mg/kg
7 60- | ‘:_| o -7~ Cisplatin, 6 mg/kg
"q:'; 40- | -9~ Cisplatin, 12 mg/kg
o T Ru-1, 3 mg/kg
& 20 ) l . Ru-1, 6 mg/kg
] -4 Ru-1, 12 mg/kg
0 —t—1—1—1—— % Ru-1, 18 mg/kg
10 12 14 16 18 20 22 -¢- Ru-1, 25 mg/kg

0 2 4 6 8
T I I R |
Days post-administration

Figure 7. Survival of healthy ICR mice following intrapeiteal injection of saline, DMSO, cisplatin and
Ru-1 for five successive times every other day. Theemiere defined as dead when the body weight loss

exceeded 20%. Arrows indicate the intraperitongaktions.

Prior studies showed that cisplatin could leadet@osis symptoms such as hyperemia, edema,
and inflammatory infiltration of the kidney, accoamped by hydropic or ballooning
degeneration of proximal tubular epithelial cekkytoplasmic relaxation, and exudates from
glomerular capsules [52, 53]. Thus, we performettiological analyses to examine the damage
of the drugs to major organs. Representative imageg) hematoxylin-eosin (H&E) staining are
shown in Figure 8 and Figure S1Q The results revealed a mass of vacuolization, (i.e
accumulation of white vesicles) in the cell cytgpaof renal tubules in the cisplatin-treated
mice, which indicated high cisplatin-induced rerddmage. Fortunately, no damage was
observed in major organs, including the kidneythie mice receivindru-1 (6 mg/kg), showing
similar histological characteristics as those ofinsatreated mice. More encouragingly,
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administration ofRu-1 at high doses of up to 12 mg/kg also did not casgous damage to
these organg~{gure S10.

Saline Cisplatin (3 mg/kg) Ru-1 (6 mg/kg)

= H ‘
! L

HesH

JoAIn

Aeupryy Bunq ues|dg

Figure 8. H&E stained tissue slices of the organs (hearhdydliver, lung, and spleen) excised from the mice
treated with saline, cisplatin (3 mg/kg) &rd-1 (6 mg/kg). The images on the right are the enlaegemof the

region in the white rectangle.

To further validate the damage of cisplatin &g+l toward the kidney, we conducted the
TUNEL assay. As shown iRigure 9, intraperitoneal injection of cisplatin resultedextensive
apoptosis in kidney sections, which was well cated with the H&E results. Conversely,
negligible nephrotoxicity in the mice administerBd-1 at a dose of 6 mg/kg was observed.
Taken together, all results suggest that the comghBw-1 exhibits lowsystemic toxicity and is

potentially more tolerated by animals than cisplati
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Figure 9. Representative TUNEL analysis of the excised éydnfrom the mice treated with saline,
cisplatinandRu-1 complexes. The images on the second line arertlaegement of the region in the
white rectangle. Obviously, potent induction of pjusis was observed in the kidneys of the mice
receiving cisplatin (3 mg/kg) but not in the kidseyf the mice receivinu-1 (6 mg/kg).

3. CONCLUSION

In conclusion, two novel tetranuclear Ru(ll) arec@mplexes Ru-1 and Ru-2) have been
synthesized and examined for their vitro activity against human cancer cell lines. The
complexes, especialljRu-1, exhibited higher cytotoxic potency relative tospiatin by
efficaciously inducing cell apoptosis. In additidhe complexes showed antimetastatic activity,
reducing the invasiveness of cancer cells. Finailyjvo toxicity studies suggested a remarkable
alleviation of systemic toxicity using thRu-1 complex compared with cisplatin. Given the
intrinsic feature ofRu-1 in circumventing cisplatin resistance and in shawinegligible
nephrotoxicity, these Ru(ll) arene complexes shdiald potential use in patients with impaired

renal function and deserve further investigation.
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4. Experimental section

Materials and methods for the synthesis of tetrandear Ru(ll) arene complexes

[(7°-p-cym)RUC}], was purchased from Sigma-Aldrich (Shanghai, ChiBanzil, oxalaldehyde
and isoniazid were purchased from TCI (Shanghain&hAll other compounds and solvents
were purchased from J&K Chemical (Shanghai, ChiAd)reactions were performed in a dry
atmosphere. Thin-layer chromatography (TLC) wadagpered on silica gel 60 F254 precoated
aluminum sheets (Merck) and visualized by fluoresee quenching. Chromatographic
purification was accomplished using flash columrroamatography on silica gel (neutral,
Qingdao Haiyang Chemical Co., Ltd). The Fouriensfarm infrared (FT-IR) spectra of the
samples were recorded on an Avatar370 IR specttopteter (Thermo Nicolet, USA) using
pressed KBr disc$H and**C NMR spectra were recorded in DMSO or CP@i a Bruker 400
spectrometer and calibrated to the residual solym@k or tetramethylsilane (= 0 ppm).
Multiplicities are abbreviated as follows: s = datg d = doublet, m = multiplet. Mass
spectrometry ESI-MS was recorded on an AB Triple FTG600+System (AB SCIEX,
Framingham, USA). The theoretical calculations weegformed using IsoPro software [54].
Reverse-phase high-performance liquid chromatogréiRR-HPLC) measurements were carried

out on a Shimadzu LC 20 system.
Preparation of benzil isoniazid ligands

A mixture of isoniazid (10 mmol) and benzil and lkaidehyde (5 mmol) in ethanol (20 mL)
containing a drop of conc. HCl was refluxed for 13th [55, 56]. The white solid formed was
collected by filtration, washed with ethanol andtlalyl ether and driegh vacuo. Yield: 75-90%.
NMR data are shown iRigure S14-15

Synthesis of tetranuclear Ru(ll) arene isoniazid cmplexes

A mixture containing fi{®-p-cym)RuC}]- (10 mmol), isoniazid ligands (10 mmol) andNE(0.2 ml)

in 1:1 equivalent of benzene (20 ml) was stirretbam temperature for 6 h. The orange precipitate
obtained was filtered, washed with hexane and dnie@cuo. The progress of the reaction was
monitoredvia TLC.
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[Rus(n®p-cymene) (L-1)(Cl)e] (Ru-1)

FT-IR (KBr): v = 1499.1, 1334.3, 523.0 €mUV-Vis (CHsCN, Ama/nM) Emaddm® mol™* cmi):
484 (1581), 310 (4982), 258 (8768). ESI-MS (+ve @owz1460.6 [M + H - 4Cl|
(calcdm/z1459.1)."H NMR (400 MHz, DMSO) (ppm): 7.09-8.72 (m, 18H, Ar), 5.78-5.83 (m,
4H, p-cym-H), 5.01-5.66 (m, 8H3rcym-H), 3.67-4.02 (m, 4Hy-cym-H), 2.80-2.87 (m, 2Hy-cym
CH(CHs),), 2.39-2.46 (m, 2Hy-cym CH(CH),), 1.99-2.09 (s, 12Hrcym CCH), 1.16-1.23 (m,
6H, p-cym CH(CHy)2), 0.55-1.23 (m, 6Hp-cym CH(CH),). **C{*H} NMR (100 MHz, CDC}, 3,
ppm): 8.8, 18.5, 18.9, 21.5, 22.2, 22.6, 29.6, 380, 79.6, 80.5, 80.7, 81.5, 82.2, 83.0, 8323,9
100.6, 101.3, 102.0, 127.8, 128.1, 128.4, 1288.91229.0, 129.8, 129.8, 130.0, 130.1, 130.35130.
131.7, 133.9, 134.6, 135.8, 136.3, 136.4, 165.85.416173.1, 174.0, 193.5. Anal. Calc. for
CeeH74ClsNsORw: C, 49.53; H, 4.66; N, 5.25%. Found: C, 50.06;4H7; N, 5.13%. Orange
solid. Yield = 0.427 g (83%). HPLC (1:9 ACN/,@8 as mobile phase) (% purity}95 % at 220
nm; Rr - 3.24 min.

[Rus(n’p-cymene) (L-2)(Cl)e] (Ru-2)

FT-IR (KBr): v = 1487.8, 1336.8, 514.7 EmUV-Vis (CHsCN, Ama/nM) Emaddm® mol™ cmi™):
479 (1212), 362 (2966), 307 (3133), 257 (5536).-HSI (-ve mode)m'z1305.6 [M - H -
ACI]" (calcdm/z 1306.3).*H NMR (400 MHz, DMSOY (ppm): 7.49-8.73 (m, 8H, Ar), 5.83-5.77 (m,
8H, p-cym-H), 5.14-5.32 (d, 4Hy-cym-H), 3.67-4.60 (d, 4Hy-cym-H), 3.02 (s, 6H, C¥), 2.79-2.86
(m, 2H,p-cym CH(CHy),), 2.34-2.50 (m, 2Hp-cym CH(CHy),), 2.08 (s, 6Hp-cym CCHy), 2.0 (s,
6H,pcym CCH), 1.181.20 (d,12Hrcym CH(CH),), 0.98-1.02 (d, 12Hy-cym
CH(CH)2). *C{*H} NMR (100 MHz, CDC}, 5, ppm): 7.9, 17.81, 20.9, 21.5, 45.2, 54.6, 781%,8
82.7, 84.3,98.1, 100.5, 112.4, 125.1, 127.7, 1228.7, 135.5, 160.6, 165.1, 174.1. Anal. Calc. fo
CsaHseClsNsO2RUs: C, 44.71; H, 4.59; N, 5.80%. Found: C, 45.01;4%7; N, 5.99%. Red-
orange solid. Yield = 0.303 g (81%). HPLC (1:9 AG#0O as mobile phase) (% purity)95 % at
220 nm; R - 3.24 min.

The assessment of stability using UV—-Vis spectrogop
The complexeRu-1 and Ru-2 were dissolved in phosphate-buffered saline (P&®)taining

10% DMSO and DMEM containing 10% FBS (without phlereal) at a final concentration of 50
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uM. The absorption of the samples was monitored MrWs spectroscopy over 24 h at 4 h

intervals.
Determination of Log P

Log Pow values ofRu-1 and Ru-2 were determined using the shake-flask method. The
complexes were dissolved in water that was presi@drwithn-octanol (for 24 h and left to
stand until phase separation occurred). The UVs@ectrum for each sample was obtained, and
the absorbances at thgax0f each compound were determined. Equal volumesoatanol
were added to each sample solution, and the heteeogs mixtures were shaken for 2 h before
centrifuging at 4000 rpm for 1 min to achieve phasearation. The final absorbance of the
aqueous phase at thgaxof each compound was determined, and their watearok partition

coefficient was calculated. All experiments weref@aned in triplicate.
Cell culture

A549, A549cisR, MCF-7, LoVo, and HuH-Gells were purchased from the cell bank of the
Chinese Academy of Sciences (Shanghai, China). AA889cisR and LoVo cells were cultured
in RPMI-1640 (Gibco) supplemented with 10% fetaVibe serum (FBS; Gibco). MCF-7 and
HuH-7 cells were cultured in Dulbecco’s modifiedgless medium (DMEM) containing 10%

FBS and 1% nonessential amino acids. All cells wesentained at 37 °C in 5% GO
Cell proliferation study by the EdU test

A549 cells were seeded into flat-bottomed 48-wdditas with 2 x 1bcells per well and
incubated at 37 °C under a 5% £&mosphere for 24 lRu-1, Ru-2 andcisplatin (0.4, 0.4 and
0.9 uM, respectively) were then added to the @gil$ incubated for an additional 24 h at 37 °C.
DNA synthesis was quantified at the end of the dregtment using a Click-iT EdU Alexa Fluor
488 Assay Kit (Invitrogen) according to the mantiiaer’s protocol. Briefly, EAU (5-ethynyl=2
deoxyuridine) was first added to each well and batad for 2 h at 37 °C. Then, the cells were
fixed for 15 min at room temperature by adding 4%¥rfaldehyde. Next, 0.5% Triton X-100 was
added to the cells and incubated for 10 min. Sulesetty, azide-labeled Alexa Fluor 488 was

added to the cells, and they were incubated fanB0in the dark. After staining the nuclei with
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Hoechst 33342 (Invitrogen) for 15 min, the cellsrevémaged using fluorescence microscopy
(Olympus, 1X71).

Acridine orange-ethidium bromide (AO-EB) staining

Dual AO-EB fluorescent staining was used to evaluegll apoptosis in A549 cells upon
treatment withRu-1, Ru-2 and cisplatin. Briefly, cells were seeded in 24hphkates at a density
of 5000 cells/well and incubated at 37 °C for 2R-1, Ru-2 and cisplatin (0.4, 0.4 and 0.9
UM, respectively) were incubated with cells. Af&fF h of incubation, the staining solution (10
puL) containing AO (100 pg/mL) and EB (100 pg/mL)swvadded to each well (500 pL).
Immediately, the cells were visualized using a rilisgence microscope (Olympus, BX-60,
Japan), and the percentage of dead cells was Gedntn at least three random microscopic
fields.

Flow cytometry to determine cell cycle distributionand apoptosis

A549 cells were seeded into 6-well plates, incutbate37 °C, and allowed to attach for 24 h.
Then, fresh media containing 1 pRUI-1, Ru-2 or cisplatin were added and further incubated for
another 24 h. The untreated cells were includethascontrol. After drug treatment, the cells
were centrifuged at 1000 RPM for 5 min and washét eold PBS. The cells were fixed with
75% ethanol at 4 °C overnight. The cells were thehected and washed twice with PBS.
Thereafter, the cells were stained with a solutiontaining propidium iodide (PI) (50g/mL)
and incubated in the dark for 30 min. Cell cyclstabution was then analyzed with a BD
FACSCantd" Il flow cytometer.

The cell apoptotic rate was determined by flow oytry analysis with the fluorescein
isothiocyanate (FITC) Annexin V Apoptosis Detectidit (Multi Sciences, China). A549
cells were collected by trypsinization, washed &vand resuspended in 5QQ 1 x binding
buffer with 5 uL of FITC Annexin V and 10uL of PI. After incubation for 15 min, the
samples were subjected to analysis by flow cytoyndthe results were analyzed with the BD
FACS Calibur™ system.
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Wound healing assay

A549 cells were grown to 90% confluence in a sithyéate after 24 h at 37 °C. A scratch
across the cell monolayer was produced using desfidruL pipet tip. Following the treatment
of cells withRu-1, Ru-2 and cisplatin (0.4, 0.4 and 0.9 pM, respectivelyp.1% DMSO as a
control, images of wounds were acquired by optei&loscopy at time O after scratching and at
the end of a 24 h incubation period. To quantifg thigration rate, the distance of the initial

wound was compared with the distance of the healingnd at 24 h after the scratch by the
pipet tip.

Cell invasion assay

Matrigel matrix (BD Biosciences) was placed intaiswell filters (30uL/well, 8.0 yum PET,
Millipore) and allowed to complete gelation for 1ah37 °C. A total of 20QL of RPMI-1640
medium containing 4 x 00549 cells was added into the top chambers, afduZ0of RPMI-
1640 medium supplemented with 10% FBS was placetdarbottom chambers. Subsequently,
the wells in the top chambers were treated Withl, Ru-2 and cisplatin (0.4, 0.4 and 0.9 uM,
respectively) for 24 h at 37 °C. After 24 h of ibation, cotton swabs were used to remove the
Matrigel and cells that remained in the top charmbiext, A549 cells on the bottom surface of
the membrane were fixed with methanol for 10 mid atained with 0.5% crystal violet for 15
min. The invading cells on the membrane were washiéd distilled water and photographed
under an optical microscope. The cells were coumted least three random microscopic fields
(magnification, x200). The experiments were repk#iece times.

Animal experiments

All animal studies were conducted in accordancé wie National Institute Guide for the Care
and Use of Laboratory Animals. The experimentaltqmols were approved by the Ethics

Committee of the First Affiliated Hospital, Zhejiguuniversity School of Medicine.
I'n vivo toxicity

Healthy ICR mice (4-5 weeks old) were randomizdd # groups (n = 9, four females and five

males in each group) and intraperitoneally injectgth different doses oRu-1 solution in
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DMSO (50 uL) every three days five times. Saline, DMSO, amgplatin solution (Hospira
Australia Pty Ltd.) were used as controls. Cisplatias administered at doses of 3, 6, and 12
mg/kg.Ru-1 was administered at doses of 3, 6, 12, 18, anth@%g. The body weight changes

of mice were monitored.

After receiving two injections of saline, DMSO, glatin andRu-1, two mice in each group
were randomly selected and sacrificed by,@@alation. The major organs, such as kidneys,
livers, lungs and spleens, were collected and fixegld 4% formaldehyde. Then, the tissues were
embedded in paraffin and sectioned inturb-thick slices. These slices were stained with
hematoxylin and eosin (H&E, Sigma). For the terrhirdeoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) assay, thewaxed and rehydrated kidney
sections were incubated with proteinase K for 1® @i 37 °C, rinsed with PBS twice, and
rinsed with the TUNEL In Situ Cell Death Detecti¢fit according to the manufacturer's
protocol (Sigma-Aldrich). The TUNEL-stained cellem counterstained with DAB (DAKO)

and visualized by optical microscopy in 10 randaestds for each group.
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Highlights

» Tetranuclear Ru(ll) arene complexes coordinatindr&zone groups were synthesized and
characterized by spectral and analytical techniques

» TheRu-1andRu-2 complexes displayed higher cytotoxicity than ciiplan human cancer

cell lines.
» The complexes showed antimetastatic activity, reduthe invasiveness of cancer cells.

» Remarkable alleviation of systemic toxicity usihg tomplexRu-1 was validated, displaying

an enhancement of drug tolerability relative tglzsn in animals.
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