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Graphical Abstract

Synthesis, characterization, cellular uptake and apoptosis-inducing
properties of two highly cytotoxic cyclometalated ruthenium(Il)

p-carboline complexes

The cellular uptake, in vitro cytotoxicities, cell cycle arrest and apoptosis-inducing
mechanism of two new cyclometalated ruthenium(Il) B-carboline complexes have
been extensively explored by ICP-MS, MTT assay, flow cytometry, inverted

fluorescence microscope as well as western blotting experimental techniques.
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Abstract

Two new cyclometalated Ru(ll) complexes of the gahe formula
[RUu(N-N)2(1-Ph$C)](PFs), where N-N = 4,4’-dimethyl-2,2’-bipyridine (dmRul),
2,2’ -bipyridine (bpy, Ru2), and 1-PH3C (1-phenyl-#-pyrido[3,4b]jindole) is a
B-carboline alkaloids derivatives, have been syntieesand characterized. The in
vitro cytotoxicities, cellular uptake and localiwat, cell cycle arrest and
apoptosis-inducing mechanisms of these complexes haen extensively explored
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrdeon bromide (MTT) assay,
inductively coupled plasma mass spectrometry (IC®;Mlow cytometry, comet
assay, inverted fluorescence microscope as wellvestern blotting experimental
techniques. NotablyRul and Ru2 exhibit potent antiproliferative activities agdins
selected human cancer cell lines withsd@alues lower than those of cisplatin and
other non-cyclometalated Ru(I[}-carboline complexes. The cellular uptake and
localization exhibit that these complexes can acedata in the cell nuclei. Further

antitumor mechanism studies show tRatl and Ru2 can cause cell cycle arrest in
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the GO/G1 phase by regulating cell cycle relativetgins and induce apoptosis
through mitochondrial dysfunction, reactive oxyggecies (ROS) accumulation and

ROS-mediated DNA damage.

Key words: Cyclometalated Ru(ll) complexe$:carboline alkaloids; Cytotoxicity;

Apoptosis; Mitochondrial dysfunction

1. Introduction

Cisplatin, which discovered in 1969, is one of theemost and widely used metal
based anticancer drugs for cancer therapy [1,2lvéNer, significant side effects and
drug resistance limited its clinical applicationsidahave also stimulated the
development of non-platinum metal-based therapgufi8]. Ruthenium-based
complexes have been regarded as one of the masigang alternatives because of
their rich synthetic chemistry, variable oxidatistates andpotential use as
therapeutic anticancer agents with low toxicitywarmal cells [4,5].

A number of ruthenium compounds show promisingcamiter activity, and some
of them exhibit a cytotoxic potency similar to cetter than that of cisplatin [6-11].
For example, the piano-stool complexes n°frene)RuCl(en)] (en =
1,2-ethylenediamine), exhibit anticancer activitiesvitro comparable to that of
cisplatin in a number of cancer cell lines [12,13]he RAPTA complexes
[(n°-arene)-RuGipta)] (pta = 1,3,5-triaza-7-phosphatricyclo-[3.2]idecane), are
known to have selective activity on metastatic tesrimoth in vitro and in vivo similar
to that of NAMI-A [14,15]. Recently, it has beented that the cyclometallated Ru(ll)
complexes, in which one or more of the nitrogenatsrof ruthenium complexes are
replaced by a carbon donor atom, exhibit promisiytgtoxic properties, and some of
which are even more efficient than cisplatin [1§-DMoreover, it has been found that
the cyclometalation of Ru(ll) complexes can efintlg enhance the lipophilicity of
these complexes and significantly improve theilutat uptake [18-20], which are
important factors influencing their cytotoxicities.

Some previous works have showed that Ru(ll) polgyyr complexes with
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bioactive alkaloids as ligands offers new oppottasi for the design of novel
anticancer drugs with enhanced activity [21-23]e Brcarboline alkaloids are a class
of synthetic and naturally occurring compounds thassess promising biological
activity and pharmacological functions includingiatve, antiviral, antimicrobial and
anticancer activities [24]. It has been reportedt fhcarboline alkaloids can exert
antitumor activities through multiple mechanismachs as interfering with DNA
synthesis [25], inhibiting DNA topoisomerases | afid [26, 27] etc. Some
ruthenium(ll)$-carboline complexes with [Ru(tpy)(N-N)(L)] typeparted by Chen
et al. show anticancer activity against variouscearcells [28]. Another ruthenium(ll)
B-carboline complex [Ru(tpy)(NHY* (Nh=Norharman) also synthesized by this
research group exhibits high and selective cytettkiinduced p53-mediated
apoptosis [29]. A series of ruthenium(ll) complexestaining g3-carboline alkaloid
as ligand reported by Tan et al. can simultaneouslyce autophagy and apoptosis in
tumor cells, and among of which, the most activeugdr complex
[Ru(DIP)(1-Py$C)](PF6)(DIP= 4,7-diphenyl-1,10-phenanthroline), exhibiigher
cytotoxic potency than cisplatin [30].

These findings encouraged us to further optimizkdseé Ru(ll) B-carboline
complexes by improving their cytotoxicity and theiater solubility. We focus on the
cycloruthenated Ru(ll) complex of 1-phenypyrido[3,4-bjindole (1-PhpC). So in
this work, two new cyclometalated Ru(ll) comple &ai(dmb)(1-Ph$C)]" (Rul)
and [Ru(bpy)(1-Ph$C)]" (Ru2) contained the bioactivf-carboline derivatives as
ligands were designed, synthesized and charaaietiye ESI-MS, *H-NMR and
UV-Vis. For elucidating the anticancer functiongdanolecular mechanisms &ul
andRu2, the cytotoxicity, cellular uptake and localizatj@poptosis, cell cycle arrest,
mitochondrial membrane potential, reactive oxygeecges and DNA damage in

HelLa cells have been investigated.
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Fig.1. The structures of 1-PpE, dmb, bpyRul andRu2.

2. Results and discussion

2.1. Synthesis and characterization

The ligand 1-phenylH9-pyrido[3,4bJindole (1-PhBC) was synthesized
according to the literature method [3Rul andRu2 were prepared by the reaction
of cis-[Ru(N-N}Cl;] (N-N = dmb, bpy) with 1-PI8C in ethyl alcohol at room
temperature for 12 h. The synthetic route of tigarid 1-PH3C and title complexes
Rul andRu2 was presented in Supporting Information (Fig. She desired Ru(ll)
complexes were isolated as the chloride salt, amidigd by column chromatography.
The ligand and the formation of the complexes veerdirmed by elemental analysis,
ESI-MS and'H NMR (Fig. S2-S5). In the ESI-MS spectra for the(l) complexes,
all of the expected signals [M-EJF were observed. The measured molecular weights

were in accordance with expected values.

2.2. UV-visible spectral studies
The stability ofRul andRu2 in PBS solutions at 298 K was analyzed by UV-Vis
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absorption spectroscopy. As shown in Fig. S6, therao obvious change in the
UV-Vis absorption spectra of Ru(ll) complexes dgri2¢4 h at 298 K. From Fig. S6
we can see that, both two complexes display seadsdrption bands in the UV and
visible spectral regions. The intense bands oaugifsetween 250 nm and 330 nm are
attributed to an intraligand (llg—r* transition, and the bands at the range of 330-400
nm are attributed ta—n* transitions. The bands occurring in the visil#gion can be
assigned to metal-to-ligand charge transfer tremmst (MLCT) [32]. In Rul, two
intense absorption bands are observed at 449 nnbGham. The latter is attributed
to RUF" — dmb transitions, and the band centered at 449snassigned to Rt —
1-Ph$C metal-to-ligand transition [32]. Similar obsefeats are obtained for tHeu2
complex in the visible region. IRu2, two intense bands are centered at 436 nm and
496 nm.

Electronic absorption spectroscopy is the commomesins to study the interaction
of metal complexes with DNA33]. The spectral profile of the complexBsi1 and
Ru2 in the increasing concentration of CT DNA is showrFig. S7. As the DNA
concentration increased, the metal-to-ligand ch&ayesfer (MLCT) bands dRul at
449 nm, Ru2 at 436 nm exhibit hypochromism of about 14.0% &814%,
respectively. These spectral characteristics olslyosuggest that these complexes
interact with DNA most likely through a mode thawvelves a stacking interaction
between the aromatic chromophore and base paiN&. To further evaluate the
binding strength of the complexes with DNA, therimgic binding constani, was
determined by monitoring the changes in the absmdat the MLCT band. Th,
values ofRul andRu2 are 4.6x10M* and 3.1x16M™, respectively. These values
are smaller than that of [Ru(bpy)(phpy)(dpp@]5x16 MY [17],
[Ru(bpyk(1-PyBC)** (1.08x16 M™)  [30] and ruthenium methylimidazole
complex [Ru(Melm)(p-cpip)F* (5.5x1G M) [34]. Moreover, it is suggest that
complex Rul shows the less binding strength with CT-DNA thaimplex Ru2
because of the steric hindrance caused by the ingtbyps present at the 4 and 4

positions of the ancillary ligand dmb [35].



2.3. Cytotoxicity assay in vitro

Table 1

ICso values iM) of Rul andRu2 against the selected human cancer celllines

ICs0 (uM)
Complex
A549 Hela NCI-H460 HepG-2 MCF-7 BEAS-2B
cis-[Ru(dmb)Cl;] >200 >161+5.5 >200 >168+ 6.2 >200 --
cis-[Ru(bpy)Cly] >200 >200 >200 >181+7.2 >200 -
1-PhC 795+26| 458+3.8 752+32 102.2+28 99.7+ 3.8 >100
Rul 22+0.2 19+04 3.8+£05 10.3+1.2 17.2+2.2 10.6& 0.
Ru2 3.6+0.3 3.4+0.3 49+0.8 158+2.1 18.4+1.2 11.250.
Ru-PY [30] -- 61.2+3.9 -- 86.2+12.3 102.2+145 -
Cisplatin 27.2+14 18.2+1.2 33.2+2.2 30.1+20 16.2+0.9 13.2+ 0.7

2Cell viability was determined by MTT assay afteratraent for 48 h.

bRu-Py = [Ru(bpy)1-PyBC)(PFRs),, 1-PyBC = 1-(2-pyridyl)p-carboline.

The ligand 1-PHC, two Ru(ll) synthetic precursors cis-[Ru(ds®])] and
cis-[Ru(bpy}Cl;], and corresponding cyclometalated Ru(ll) compéRal andRu2
were evaluated against five selected human caredetirtes (lung adenocarcinoma
cell A549, human lung cancer NCI-H460, hepatocatludarcinoma HepG2, breast
cancer MCF-7 and cervical cancer HelLa). For comspatrithe toxicity of cisplatin
was also evaluated. As a control, the toxicity ledse complexes was also tested
against the normal human cell line (immortalizednan bronchial epithelial cells
BEAS-2B). Table 1 shows the d¢values of the different complexes as determined
by an MTT assay after a 48 h incubation. Significdifferences are observed that
exceeded expectations wiRul and Ru2 exhibiting much higher activities (k¢
values ranged from 1.9 to 18M) than cis-[Ru(dmb)Cl;] and cis-[Ru(bpyCls],
which are almost inactive against all the cell inested (16 > 200uM). The ligand
1-PhfiC presents moderate activities {§Gralues ranged from 45.8 to102u21).
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Notably, against the human cervical cancer ce#l iteLa,Rul andRu2 display an
ICs0 values (1.9M and 3.4M, respectively) that are over 32- and 18-fold lotean
that of non-cyclometalated Ru(llp-carboline complex Ru-Py (61.2M) [30].
Moreover, the activities dRul andRu2 are about 9-fold and 5-fold higher than that
of cisplatin against HeLa cells under the same itiomd.

Therefore, our results clearly show that the cowtion of the cyclometalated
ligand 1-Ph5C to polypyridyl-Ru(ll) centers is a significantratiegy to results in
more cytotoxic complexes. InterestingByi1 is more potent thaRu2 against all the
cancer cell lines screened under identical condiio48 h treatment, especially HelLa
cells. Thus, their cytotoxic effect against Heldlscavas further evaluated. Data
obtained are revealed in Fig. $8)1 andRu2 at indicated concentrations resulted in
marked reduction of the viability of HelLa cells ia concentration- and
time-dependent manner. Moreover, we noticed trebtder of DNA binding affinity
is Ky (Rul) < Ky (Ru2), which is not consistent with their antiproliféve activities.

So we deduced that DNA may be not the main tarfggtese ruthenium complexes.

2.4. The cellular uptake and localization of Ru(l1) complexes
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Fig.2. (A) The lodP.u values ofRul andRu2. (B) Cellular ruthenium concentrations determined
in HeLa cells after 1, 3 and 6 h incubated withl andRu2 at 2, 4, 6, &M, respectively. (C)
Intracellular uptake oRul in HeLa cells under different endocytosis-inhifitmonditions. Before

6 h incubation oRul (4 uM), cells were incubated with specific endocytdsisibitors, see the
experimental section for details. (D) Subcellulmtribution ofRul in HeLa cells after incubated

with 4 uM of Rul for different times.

It is well known that lipophilicity of an anticancagent has a vital influence on
its cytotoxicity. For some ruthenium [30,36,37] apthtinum based compounds
[38,39], increasing lipophilicities enhances théutar uptake and, consequently, the
cytotoxic activities. Oil-water partition coeffigie (logP.n) provides a measure of

drug lipophilicity, which indicates the ability dhe molecule to pass through cell
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membranes. “shake-flask” method was used to evathatlodr,, values ofRul and
Ru2 by using ICP-MS. As shown in Fig. 2A, boRul and Ru2 exhibit positive
logPow values, showing them to be lipophilic in natureorbver,Rul (logPow =
1.38 £ 0.06) displays higher 1Bg,, value thanRu2 (logP,w = 1.22 + 0.04). Such
result is in accordance with the reported that @itpre correlation between
hydrophobicity and cytotoxic activity for severdhsses of metal-based anticancer
complexes [30,40-42].

The cellular uptake characteristics of transitiogtatbased drugs are considered
to be one important factor influencing their cytatity [43-45]. To investigate a
possible relationship between the dose of celluf@ake and cytotoxic activities of
title complexes, the quantitative determinatiortha ruthenium level inside the HelLa
cells has been performed by ICP-MS, and the resudte represented as ng of Ru per
1P cells. As shown in Fig. 2B, the cellular uptake Rfil and Ru2 exhibit a
significantly dose- and time-dependent manner. dditan, Rul displays higher
cellular uptake than that &u2 in all of the test times and drug concentratiavisich
is positively correlated to their cytotoxicity ahgdophilicity.

The approaches of drugs entry into cells have itapbreffect on their
bioactivities. To elucidate the anticancer mecharo$ titte complexes, we investigate
the routes of the cellular entry. Normally, smalligl molecules enter into cells mainly
through two pathways, namelgnergy-dependent (such as endocytosis and active
transport) and non-energy-dependent (facilitateifusion) [46,47]. To get more
insight into the internalization pathway Bul, we treated HelLa cells witRul at
low temperature (4 °C) or pretreated with oligonmyan combination with DOG,
which can block adenosiné-iphosphate (ATP) production to discriminate bedw
passive and active mechanisms. As shown in Figl@Cfemperature or oligomycin
in combination with DOG can strongly inhibit thellakar uptake ofRul, indicating
that the energy-dependent active transport is wawin the cellular uptake d&tul.
Endocytosis is the most common energy-dependenthadetNext, we further
analyzed the internalization pathway Bfil in the presence of two endocytosis

inhibitors nystatin (clathrin-mediated endocytosas)d sucrose (lipid raft-mediated
9



endocytosis) [48]. After treatment with both endosys inhibitors, we found that
cellular uptake level oRul was significantly reduced in the nystain group and
moderately decreased in the sucrose group. ThesdtsesuggestedRul can be
transported into the cells mainly through clathmediated endocytosis pathway.

It is widely considered that TfR, a transmembralyeaprotein, is overexpressed
on the membrane of many cancer cells. TfR-diretéedeting cellular uptake has
been regarded as an efficient way for delivery @talibased agents to malignant
tissues [49,50]. Guo et al find that Tf/TfR serassa mediator enhanced the delivery
of organometallic Ru(ll) complexes into tumor cgb®]. Thus, we speculate that the
intracellular uptake oRul in HelLa cancer cell lines may associate withragsgferrin
receptor (TfR) expression profiles. The resultsFig. 2C demonstrate that the
intracellular uptake oRul is barely blocked by pretreatment of anti-TfR,iaading
TfR-mediated endocytosis is not involved in thealyptofRul in HelLa cells.

In addition, the subcellular distribution dRul in HelLa cells was further
determined by ICP-MS. Fig. 2D showed tRatl was predominantly accumulated in
the nuclei and only a small fraction of complex wasnd in mitochondria and
cytoplasm, which implied the localization Bl in the nucleus. At a dose ofudM,
treatment witlRul for 6 h, nearly 80% dRul within the HelLa cells was localized in
the nuclei. These results suggest that the cychllatel complexRul is a

nuclei-targeting  Ru(ll) complex, like cyclometaldte Ru(ll) complex,

[Ru(bpy)(phpy)(dppz)][17].

2.5. Ru(l1) complexes induce cell cycle arrest by regulating cell cycle regulatory

proteins
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Fig.3. Ru(ll) complexes induced cell cycle arrest in Heledls. (A) Cell cycle distribution was
performed by PI staining after co-incubated virtinl andRu2 for 24 h. (B) The effects dRkul on
the expression levels of cell cycle relative pruteivere performed by western blottirfigactin

was used as internal control. HelLa cells wereddtatith various concentrations Rfi1 for 24 h.

It is reported that inhibition of cancer cell pfehation by cytotoxic drugs could be
the result of cell cycle arrest, apoptosis or thmimbination [51]. To investigate
whether the anti-proliferative effect ®&ul andRu2 on Hela cells was triggered by
cell cycle arrest, the cell cycle phase ratio wasasnred by flow cytometry with
propidium iodide (PI) staining. As shown in Fig. 3ar bothRul andRu2 treatment

groups, the percentage of cells is increased aGG@hase and decreased at S and
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G2/M phases in a concentration-dependent mannadditon, Fig. 3A also displays
that exposure of the HelLa cells to title complere=sults in marked dose-dependent
increase in the proportion of apoptotic cells aected by the subdiploid peak
(sub-G1). The value of sub-G1 Bll treatment group varies from 13.63% ({.\2)

to 40.99% (4.QuM) with increasing treated concentration. FRu2 treatment group,
this value varies from 6.88% (14M) to 30.07% (4.0uM). Meanwhile, Fig. S9
shows that the cells in the sub-G1 phase in tRedetreated groups also significantly
increase in a time-dependent manner, when compaithdDMSO treated control.
Obviously, these results demonstrate that the atifigrative effect induced birul
andRu2 on Hela cells occurs in GO/G1 phase.

To investigate the molecular basis by which Ruttdimplexes inhibited the GO/G1
transition in cancel cells, we treated cells vRihl and then analyzed the expression
of proteins involved in cell cycle regulation. Weuhd thatRul treatment inhibited
Cyclin D1/D3 and cyclin E expression and reduceel ¢xpression of CDK4 and
CDKS®; in contrast, p27, p21 and pl18 were increasddelLa cells (Fig. 3B). Cyclin
D and cyclin E (along with CDK2, CDK4, and CDK6)aglimportant roles in the
progression of cells through the G1 phase of thlecgele [52]. The Cip/Kip family
proteins p27, p21 and pl8 are well-known CDK infoits, up-regulation the
expression levels of those can block G1-S trans{f3]. The expression level of cell
division cycle 25A (CDC25A), which acts as an upain regulator of the
CDKl/cyclin complex [54], was significantly inhibiteby Rul. Rul treatment also
increased the expression of p53 and phosphorylaB&dat serl5 site (p-p53serlb),
which is tumor suppressor proteins, up-regulatima éxpression levels of those can

promote the cell cycle arrest and induce cell apgipt[55,56].

2.6. Ru(ll) complexesinduce Hel a cell apoptosis
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as internal control.
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Cell cycle arrest triggered by various stimulatfagtors may result in the blockage
of cell division and apoptosis. To determine whetbe not Rul and Ru2 could
induce chromatin condensation and fragmentatioth bbwhich were recognized as
morphological features of apoptosis, the Hoechs3423staining technique for
fluorescence microscopy was performed. HelLa ceksewtreated with different
concentrations of Ru(ll) complexes for 24 h, arehtphotographed using an inverted
fluorescence microscope. As shown in Fig. 4A, thiésavith apoptotic features such
as nuclear fragmentation, chromatin condensationpdéasma membrane blebbing are
observed. In addition, the apoptosis assay was @ksdormed by acridine
orange/ethidium bromide (AO/EB) dual-staining methAO is a vital dye and can
stain both live and dead cells and shows greemdio@nce. EB stains only apoptotic
or necrotic cells that have lost their membranegnty and appear red fluorescence.
Fig. S10 displays that, in control cells, the ndrmmrphology and homogeneous
green fluorescence are obtained. When cells armpobated withRul andRu2, the
orange or red fluorescence, that are the clearlgphabogical features of apoptosis,
are observed. These preliminary results indicaa¢ blothRul and Ru2 can induce
apoptosis of HelLa cells.

To further confirm the nature of cell death induded Rul and Ru2, annexin
V-FITC/PI staining was performed, and the resulesrevanalyzied by using flow
cytometry. Fig. 4B shows that pre-incubation of Helcells with different
concentrations oRul or Ru2 for 24 h enhances the percentage of apoptotis.cell
Comparing the apoptotic effect, we can find thal displays more effective
apoptotic activity tharRu2 under identical conditions, which is consistenthvtheir
cytotoxic activity.

A large number of evidence has indicated that caespplay vital roles for initiation
and performance of apoptosis [57-59]. Apoptotichpatys can be divided into the
extrinsic and intrinsic pathways, which are depemds the cleavage of caspases
[60]. Caspase-3 is a vital regulatory protein df apoptosis, the activation of which

lead to the cleavage of poly ADP-ribose polymer@#eRP), thus to induce the cells
14



apoptosis [61]. To further clarify the mechanismcefls apoptosis induced #ul,

the activities of caspase-3, -8 and -9 were exatnine using specific fluorescent
substrates. As shown in Fig. 4C, pre-incubation H#La cells with different
concentration oRul exhibits dramatic enhancement in caspase-3, -8%adtivities.
Besides, the results of western blot assay in #.illustrate that the expression
levels of cleaved-PARP, cleaved caspase-3, cleeagpase-8 and cleaved caspase-9
increase in a dose- dependent manner, and the ssimmelevel of total caspase-3
decrease in a dose- dependent manner, which suggésith extrinsic and intrinsic

apoptosis pathways are involviedRul-induced apoptosis in HelLa cells.

2.7. Ru(ll) complexes induce mitochondrial dysfunction
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Fig.5. Rul andRu2 induce mitochondrial dysfunction. (A) Fluorescemsieroscope analysis of
cellular MMP level by JC-1 staining after @ of Rul or Ru2 treatment for 24 h. (B) Flow
cytometry analysis of cellular MMP level after 1a8d 4uM of Rul or Ru2 treatment for 24 h.
(C) Real-time imaging the same cells treated withuyM of Rul for different times. Cell
morphology was captured by differential reflectigplC) microscope. Mitochondria and
nucleuses were visualized by red and blue fluoresgerespectively. The bottom panel is DIC

images. (D) The expression levels of Bcl-2 famitptpin were performed in a dose-dependent
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mannerf-actin was used as internal control. (E) The exgioeslevels of cytochrome ¢ in cytosol

and in mitochondria, respectively, were performiterdl, 2, 4uM of Rul treatment for 24 h.

Mitochondrion, which plays an important role in ppusis, can release
pro-apoptotic factors such as cytochrome ¢ androdipeptosis inducing factors.
[17,62]. Mitochondrial dysfunction is involved in apoptoteell. Generally, the
mitochondrial dysfunction is determined by measgrichanges in the loss of
mitochondrial membrane potential (MMP) using areingd fluorescence microscope
and flow cytometry after staining live cells with
5,5,6,6-tetrachloro-1,13,3-tetraethylbenzimidalylcarbo cyanine iodide (JCd3
fluorescent probe. As shown in Fig. 5A, comparethwontrol,Rul (2.0uM) or Ru2
(2.0 uM) treatment cause a red to green color shift irstraf the treated cells,
indicating loss of MMP. The changes of MMP wereoalietected quantificationally
by determining the percentage of the red and gfieenescent intensity using flow
cytometry (Fig. 5B). As shown in Fig. 5B, after 6adh incubation with Ru(ll)
complexes, the green fluorescence of the JC-1 merwnmcrease from 2.7% to
74.5% and 48.4% fdrRul (4 uM) andRu2 (4 uM), respectively.

To determine whether or not, mitochondria are @van controlling cell growth
and death, real-time living cell experiment wagiedrout. We observed the changes
of mitochondria (stained by Mito-Tracker; nucleaised by DAPI) in HelLa cells
treated with 2.uM of Rul for different time intervals. As shown in Fig. 5@hvious
mitochondrial fragmentation, nuclear condensatiot e@ytoplasmic shrinkage can be
observed after treatment for 3 h, further indiagtine mitochondrial dysfunction.

Additionally, western blot analysis was performedconfirm the mitochondrial
pathways in apoptosis which induced Ryl. The results in Fig. 5D indicate that
treatment withRul dose dependently suppresses the expression ahthapoptotic
protein Bcl-xI and Bcl-2. As a result of these opes the ratios of Bcl-2/Bax and
Bcl-xl/Bad decrease, and thus leading to the reledscytochrome ¢ (an apoptosis
inducing factor) into the cytosol. Actually, the peximental results suggest that

cytochromec of cytosol increase in a dose-dependent mannerlewhbse in
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mitochondria decrease (Fig. 5E). This result furtbenfirms thatRul induces
mitochondrial dysfunction and the mitochondriallpedy is involved irRul-induced

apoptosis in Hela cells.

2.8. Ru(ll) complexesinduce intracellular ROS accumulation
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Fig.6. (A) ROS generation was determined by flow cytomettgla cells stained with DCFH-DA
after Ru(ll) complexes treatment for 6 h. (B) Tlelldar ROS level was detected by amicroplate

reader after exposure ®Rul for different times in HelLa cells. (C) Flow cytotneanalysis of
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cellular ROS level by DCFH-DA staining after 2. of Rul treatment for 6 h. (D) Cells
apoptosis were detected by flow cytometry, HeLdscekre treated witiRul for 24 h with or

without pretreatment of NAC and GSH.

ROS, which regard as mediators of apoptosis, apoitant for the induction of
apoptosis in many cancer cells [63,64], and coulérethe nucleus to cause DNA
damage [65]To investigate whether Ru(ll) complexes treatmenild increase the
ROS level in HelLa cells, the cellular ROS level vaetected by using an inverted
fluorescence microscope and flow cytometry aftdiscstained with a DCFH-DA
fluorescent dye. Fig. S11A displays that, compaviéd DMSO-treated control, HeLa
cells exhibite obvious green fluorescence whentdteavith 2.0uM of Rul or Ru2
for 6 h, which indicates an increase in the cell®S level. A similar result is also
obtained by flow cytometry. As shown in Fig. 6A,aatlose of 4M, treatment with
Rul or Ru2 for 6 h results in marked increase of the meaoréscent intensity (MFI)
by approximate 4.3- and 2.8- fold than control granespectively.

Data obtain from Fig. 6B suggest tiatl significantly enhances cellular ROS
level in a dose- and time-dependent manner, anR®fe is detected as early as 5 min,
indicating ROS as an early event in responud-induced apoptosis. To inquire into
the contribution of ROS irRul-induced Hela cells apoptosis, two antioxidants
N-acetyl-L-cysteine (NAC) and glutathione (GSH) wersed. As shown in Fig. 6C,
both NAC and GSH can substantially suppress theagatiular ROS levels. The
percentage of apoptotic cells was detected by Ann¥xstaining assay afteRul
treatment with or without antioxidants NAC or GSHom Fig. 6D, we can see that
the percentage of apoptosis cells inducedRioyl obviously reduces when ROS is
inhibited by antioxidants. Meanwhile, Fig. S11B g@sts that both NAC and GSH
obviously increase cell viability. Taken togethérese results suggest that activation
of ROS-generating by Ru(ll) complexes plays an irtgyd role in inducing apoptotic

in HelLa cells.
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2.9. Ru(ll) complexestrigger DNA damage
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Fig.7. DNA damage was examined by comet assay and wesl@tting experiment. (A) Hela
cells were treated with various concentratiorRoflL or Ru2 for 24 h, DNA fragmentation was
examined by comet assay. (B) Quantification of Dfdés in the comet assay. The length of DNA
tails in microscopy images was quantified by Imag€) The expression levels of phosphorylated
proteins ATM. ATR. Chkl, Chk2, H2A.X were performed by western blotting. (D) Weste
blotting analysis of expression levels of DNA damamoteins in HelLa cells in the presence of

GSH,B-actin was used as internal control.

A number of Ru(ll) complexes can trigger DNA damagdéso some Ru(ll)
compouds exhibit photo-induced DNA cleavage acti{®4,66,67]. DNA damage is
regarded as a hallmark of apoptosis [68,69]. It bagn reported that excess
intracellular ROS can attack DNA, resulting in DNddamage and activation of
various damage sensor proteins such as ATM, Hisogeins, and the tumor
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suppressor gene p53 [70]. In this work, to studetiver or noRul can induce DNA
damage and activate DNA damage sensor proteinis,asutlistone protein, which is a
marker of DNA double-strand breaks, single cell gielctrophoresis (comet assay)
and western blotting assay were performed. Consgtyas a simple and rapid method
for assessing DNA damage generated by DNA-targetyemts in single cells, and the
length of the comet tail represents the level ofADdmage. As shown in Fig. 7A, in
the control, HelLa cells fail to show a comet likgpaarance. After incubation with
Rul (1.0 uM) and Ru2 (1.0 uM) for 24 h, Hela cells exhibite well-formed comet
tails, indicating that severe DNA damage has oeclriWith extension of the
concentration to 4.QM, statistically significant comet tails appearggasting that
more DNA damage has occurred. The gquantificatiocoofet tails in the comet assay
is shown in Fig. 7B. The length of comet tails ircrascopy images was quantified
by ImageJ. Differences. Fig. 7B suggests fal induces more DNA damage than
that ofRu2 induces.

In addition,Rul-induced DNA damage was further confirmed by westdotting
assay (Fig. 7C), as evidenced by the up-regulaifothe phosphorylation levels of
H2A.X (Set™), ATM (Ser®® and ATR (Se¥¥, which are the DNA damage
markers. Meanwhile, Chkl and Chk2 are activatecevidenced by the increase of
the phosphorylation levels of Chkl and Chk2. Irggngly, when an antioxidant GSH
is added to the cells which incubated wih1, the levels of p-H2A.X (S&t%), p-p53
(Ser?), p-ATM (Sef®®} and p-ATR(S€Y®) are down-regulate (Fig. 7D). These
results demonstrate thRul induces DNA damage through ROS overproduction, like

ruthenium (Il) imidazole complex [Ru(Melagp-cpip)F* [34].
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Scheme 1: Proposed apoptosis pathways induc&iibyn HelLa cells.

3. Conclusions

In this work, we synthesized two new cyclometalatBadi(Il) complexes
[Ru(dmb}(1-PhBC)] * (Rul) and [Ru(bpy)1-PhfC)]" (Ru2). Both Rul and Ru2
display 1Go values much lower than those of cisplatin and rotfoa-cyclometalated
Ru(l)-B-carboline complexes [Ru(N-B(L-Py$C)](PFK). (N-N = bpy, phen). Notably,
the antiproliferative activities oRul and Ru2 are much higher than those of
precursors cis-[Ru(bpyCls], cis-[Ru(dmb)Cl;] and 1-PhBC, suggesting that the
significantly higher anticancer activity has beamiaved by complexation of Ru(ll)
polypyridyl moieties with 1-PIi§C. The hydrophobicity, cellular uptake efficiency

and cytotoxic effect on tumor cells Blul andRu2 are significantly correlated. The
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higher lipophilic ofRul, shows higher cellular uptake efficiency and isenactivity
thanRu2.

The cellular uptake and localization exhibit thRu(ll) complexes can be
transported into the cells mainly through clathmediated endocytosis pathway, and
these complexes can accumulate in the cell nutleechst 33342 staining and
AO/EB dual-staining demonstrate that bd®ul and Ru2 can effectively induce
apoptosis of HelLa cells. In addition, these comgdexenhance the level of
intracellular ROS and induce a decrease of MMP. fmther studies show that ROS
play vital roles inRul-induced apoptosis and cell viability. Western tahgf analysis
show thatRul activates Caspase-3/8/9, increases the level efptio-apoptotic
proteins Bad and Bax, decreases the levels of iieapoptotic protein Bcl-xI and
Bcl-2, thus leads to the release of cytochrame Hela cells. Moreover, comet assay
and western blotting analysis indicate tRatl can induce DNA damage as evidenced
by the up-regulation of the phosphorylation leva$12A.X, ATR and ATM, and the
latter two further phosphorylates the downstrearfecéfrs ChK1/2. Next, the
phosphorylated effectors downregulate the exprassicCDC25A, thereby inhibiting
the CDK2/4 kinases and subsequently leading tacgele arrest at the GO/G1 phase.

Taking all these results together, we conclude Bhat and Ru2 can induce cell
apoptosis in HelLa cells mainly through mitochonlddigsfunction, intracellular ROS
accumulation and ROS-mediated DNA damage. The satiendiagram of this
proposed apoptosis pathway inducedRm in HelLa cells is illustrated in Scheme 1.
These results will be helpful for design and sysihef new cyclometalated Ru(ll)

complexes as potent anticancer drugs.

4. Experimental section

4.1 Materialsand general methods

All reagents and solvents were purchased commbBbreiatl used without further
purification unless specifically noted, and all aqus solutions were prepared with

doubly distilled water. 1-phenylF8pyrido[3,4bjindole (1-PhpC) [31] and
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cis-[Ru(LxCly]-2H,O (L = dmb, bpy) were prepared according to therdiure
methods [71]Annexin V-FITC Apoptosis Detection Kit, QuantiPtbBCA Assay Kit,
ECL™ Start Western Blotting Detection Reagent, DMSO, TMiphosphate buffered
saline solution (PBS), DNA (CT-DNA), PI, JC-1, GSNAC, DCFH-DA were
purchased from Sigma-Aldrich (St. Louis, MO, USEjsplatin was purchased from
Acros. Cell Mitochondria Isolation Kit and specifiaspase substrates were purchased
from Beyotime (Shanghai, China). Ruthenium standatdtion was purchased from
Aladdin Chemistry Co. (Shanghai, China). Primaryl aecondary antibodies were
purchased form Cell Signaling Technology Companwti-Aransferrin Receptor
antibody (anti-TfR antibody) was purchased from &tnc(Shanghai, China). Comet
assay reagent kit was purchased from Trevigen li@&alburg, MD, USA). Protein
bands were visualized using ChemiD8cXRS+ Imaging System (Bio-Rad, USA).
Flow cytometry was performed by EPICS XL-MCL (BECKM COULTER, USA)
and microscopic observation was performed by TNikd¢n, Japan). Microanalyses
(C, H, and N) were carried out with a Perkin—EIn810Q elemental analyser.
Electrospray ionization mass spectrometry (ESI-M@) recorded on an Agilent
LC-MS6430B Spectrometer using @EN as mobile phaséH NMR spectra was
recorded on a Bruker AVANCE 400 spectrometer (40BlzMwith (CD;),SO as
solvent for the complexes at room temperature. dhemical shifts relative to

tetramethylsilane (TMS) were given.

4.2. Synthesis and characteristics
4.2.1. Synthesis of [Ru(dmb),(1-Ph-gC)] (PFs) (Rul)

A mixture of cis-[Ru(dmk)Cl;]-2H,O (0.27 g, 0.5 mmol), 1-Pp€ (0.12 g, 0.5
mmol), AgNG; (0.17 g, 1.0 mmol) and tetramethylammonium hydrexi@.092 g, 0.5
mmol) were dissolved in anhydrous ethanol (15 naby then the mixture was heated
at reflux under nitrogen at 25 °C for 24 h to giaeclear red solution. Upon
completion of the reaction, the red precipitate whined by a dropwise addition of
saturated aqueous KpBolution. Finally, the red precipitate was driedtler vacuum

and purified by chromatography over alumina (200 sime using
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acetonitrile/toluene-(1:2, v/v) as an eluent. Yiel81.8 %. Anal. calc. for
CaHssFsNePRUE C 57.41% H 4.11% N 9.80% found: C 57.21% H 4.09% N
9.81%. ESI-MS (MeCN): m/z = 713.2 ([APR]"). *H NMR (400 MHz, DMSOd6) 5
11.77 (s, 1H), 8.64 (d = 1.7 Hz, 1H), 8.56 — 8.37 (m, 4H), 8.14 Jd= 7.9 Hz, 1H),
7.84 — 7.72 (m, 3H), 7.69 — 7.53 (m, 2H), 7.50Xd; 5.8 Hz, 1H), 7.44 — 7.33 (m,
3H), 7.33 — 7.17 (m, 2H), 7.16 — 7.06 (m, 2H), 6(@QJ = 7.5, 1.4 Hz, 1H), 6.82 (id,
J=7.3,1.1 Hz, 1H), 6.51 (dd,= 7.4, 1.3 Hz, 1H), 2.51 (s, 3H), 2.44 (s, 3HR72(S,
6H).

4.2.2. Synthesis of [Ru(bpy)2(1-Ph-gC)] (PFs) (Ru2)

Ru2 was synthesized by a similar procedureRial. Cis-[Ru(bpy)Cl,]-2H,O
was used instead of cis-[Ru(dm®)]-2H,O. Yield: 82.1%. Anal. calc. for
Cs/H27FeNgPRU C 55.43% H 3.39% N 10.48% found: C 55.37% H 3.37%

N 10.53%. ESI-MS (MeCN): m/z = 657.2 ((®R]). 'H NMR (400 MHz,
DMSO-d) & 11.82 (s, 1H), 8.81 (dt, J = 8.4, 1.1 Hz, 1H),08(@t, J = 8.2, 1.1 Hz,
1H), 8.64 (ddt, J = 10.5, 8.2, 1.1 Hz, 2H), 8.4208(m, 1H), 8.19-8.09 (m, 2H),
8.01-7.96 (m, 1H), 7.96-7.76 (m, 6H), 7.70-7.67 (), 7.63-7.55 (m, 3H),
7.41-7.27 (m, 5H), 7.03 (td, J = 8.0, 7.6, 1.4 H4), 6.85 (td, J = 7.3, 1.1 Hz, 1H),
6.47 (dd, J = 7.4, 1.3 Hz, 1H).

4.3. Cytotoxicity assay in vitro

Five different tumor cell lines (lung adenocarcireooell A549, human lung cancer
NCI-H460, cervical cancer Hela, breast cancer MCHR&patocellular carcinoma
HepG2, and cervical cancer HeLa) and one norméllioels (immortalized human
bronchial epithelial cells BEAS-2B) were purchageasm American Type Culture
Collection (ATCC, Manassas, VA). All cell lines veercultured in Roswell Park
Memorial Institute 1640 (RPMI 1640) culture medigoglemented with 10 % fetal
bovine serum (FBS) and incubated in incubator viit§o CQ at 37 °C unless

otherwise noted. The kgvalues were determined by MTT assay.

4.4. Lipophilicity measurements
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Lipophilicity was determined by liquid—liquid extrgon between n-octanol (oil)
and NaCl (0.9% w/v) using the flask-shaking metlasdpreviously described [34].
Briefly, the ruthenium complex in NaCl (0.9% w/vas/added to an equal volume of
n-octanol (oil), and the mixture was shaken form8t 200 rpm at 25 °C to allow
partitioning. After centrifuging the sample at 30@®n for 10 min, the aqueous layer
was used for ruthenium analysis, and the Ru contetiie aqueous layer was then
measured by ICP-MS and used to calculate th®.@gvalues according to the

equation lo@.w=L0g ([Rul/[Ru]w).

4.5, Cdlular uptake

HelLa cells at a density of 5.0 x°1@ells were seeded in 60 mm tissue culture
dishes and allowed to reach 70% confluence, thercéfis were incubated with the
different concentration of Ru(ll) complexes forfdrent times. After treatment, the
cells were treated with trypsin and collected imtgéugal tubes, and then washed
three times with cold PBS. The pellets were conapfetligested in 3 mL mixture (2
mL, 60% HNQ and 1mL, HO,) for 24 h, and then diluted to 4 mL with ultrapure
water. Finally, the amount of Ru taken up by Hek#Hscwas determined by ICP-MS
(NEXION-300X, PerkinElmer, USA) with a 100 ng/mLtienium standard solution
for drawing a standard line. Ruthenium standarditsmis were freshly prepared
before each experiment. The water used for ICP-N8yais was doubly deionized.
The uptake of Ru was calculated from the standardecand expressed as the amount

of Ru (ng) taken up per 1@ells.

4.6. The mechanism of cellular uptake

HelLa cells were seeded into 60 mm tissue cultusbedi for 24 h, and then the
cells were pretreated with endocytosis inhibitorsligamycin 5 uM,
2-deoxy-D-glucose (DOG) 50M, sucrose 0.25 mM, nystatin 1@/mL and anti-TfR
1 ug/mL) for 2 h or at 4 °C for 4 h, respectively, twef treatment of 4M of Rul for
6 h. The control sample was just exposed tdvdof Rul at 37 °C for 6 h. Then the
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cells were trypsinized and collected. Finally, theacellular uptake oRul were

determined using ICP-MS.

4.7. Subcellular distribution of Ru(l1) complexes

The subcellular distribution oRul was detected using Cell Mitochondria
Isolation Kit according to manufacturer's recommegiwhs. Briefly, after incubation
with 4.0 uM of Rul for different times, cells were harvested and wedsiece with
cold-PBS and re-suspended in the mitochondriatisolduffer for 15 min under low
temperature conditions. The suspension was homoggniusing a Dounce
homogenizer, and then the homogenate was centdifag600x g for 10 min at 4 °C.
The pellets (nuclear fraction) were completely digd in 4 mL mixture (3 mL, 95%
HNO3z and 1 mL, HO,), and the supernatant was centrifuged at 11 0§®@ox 10 min
at 4 °C. The resulting supernatants (cytoplasnactions) and pellets (mitochondrial
fractions) were also digested in 4 mL mixture, exsppely. Finally, ruthenium
element was determined by ICP-MS with a 100 ng/othenium standard solution

for drawing a standard line.

4.8. Cdll cyclearrest analysis

Cell cycle distribution and apoptosis were analybgdiow cytometry analysis
as described previously [67,72]. HeLa cells weedqa in 6-well plate and incubated
for 24 h. Different concentrations of Ru(ll) comypds were then added into the wells
and incubated for 24 h. After incubation, cells eveollected and fixed in 1.5 mL
agueous ethanol (75%, v/v) at 20overnight, and then stained with Pl (&§/mL)
in the presence of RNAase A (108/mL) for 30 min at 37 °C in the dark. The stained

cells were then analyzed using the flow cytometer.

4.9. Apoptosis assay by Hoechst 33342 staining
HelLa cells (3x1®cells per well in 6-well plate) were incubated s h and then
exposed to different concentrations Rfil or Ru2 complex for 24 h, respectively.

After treatment, cells were stained withu§/mL Hoechst 33342, washed twice with
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PBS, and then photographed using an inverted fhoerece microscope.

4.10. AO/EB staining method

HeLa cells were seeded in 6-well plates and treatélde absence or presence of
Ru(ll) complexes for 24 h. After incubation, cell®re washed twice with ice-cold
PBS and stained with 10Qg/mL concentration of AO/EB solutions, and then

photographed using an inverted fluorescence miopesc

4.11. Apoptosis assay by annexin V/PI double staining

Different stages of apoptosis were distinguishedngusannexin V-FITC
Apoptosis Detection Kit. After incubation with vaus concentrations of complexes
for 24 h, cells were harvested and washed twich RBS, and then resuspended in
500 pL binding buffer. The suspension were stained \ifil Annexin V-FITC and
10uL PI at room temperature for 15 min in the darld #ren analyzed using the flow

cytometer.

4.12. Caspase activity assay

According to the manufacturer’s protocol, HeLa sellvere collected and
suspended in cell lysis buffer, and then incubated ice for 15 min. After
centrifugation at 15,000 g for 15 minutes, the sogtants were collected and seeded
into 96-well plates. After then, specific caspasbstrates, including Ac-DEVDENA
for caspase-3, Ac-IETDpNA for caspase-8, and Ac-LEHPNA for caspase-9, were
added. Plates were incubated at 37°C for 2 h asjobsa activity was determined by a
Microplate reader. Relative caspase activity wapressed as the percentage of

control (as 100%).

4.13. Reactive oxygen species (ROS) assay
ROS level was detected after HeLa cells had besnest with 2,7-Dichlorodi
-hydrofluorescein diacetate (DCFH-DA). For flow agtetry analysis or microplate

analysis, collected cells were trypsinized and wddihree times with PBS, and then
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incubated for 20 min with 10M DCFH-DA in culture medium at 37 °C in the dark.
Cells were washed twice and resuspended in PBS,trerd analyzed by a flow
cytometer or a microplate analyzer. For microscaopiservation, cells were incubated
for 20 min in complete medium containing 18 DCFH-DA and washed twice with
PBS, and then photographed using an inverted foerece microscope. When
necessary, antioxidants (NAC = 10 mM and GSH = 5)midre added in medium for

1 h before addition of Ru(ll) complexes.

4.14. MM P measur ement

The mitochondrial membrane potential was analyrmedg flow cytometry and
inverted fluorescence microscope after HelLa cebsl lbeen stained with the
mitochondrial dye JC-1. Briefly, HeLa cellere placed in 6-well plates at 2Xt@lls
per well with various concentrations of Ru(ll) coexes for different times. For flow
cytometry analysis, the cells were gently collected incubated in 50QL PBS
containing 10pug/mL JC-1 for 30 min at 37 °C in the dark. Thenlscekere
re-suspended in PBS and then analyzed by a flownogter immediately. For
microscopic observation, cells were incubated imglete medium containing 10
ug/mL JC-1 for 30 min and washed twice with PBS, gmeof the cells were

photographed immediately by an inverted fluoreseanicroscope.

4.15. Comet assay

DNA damage was detected by single-cell gel elebtivopsis as previously
described [34]. Single-cell gel electrophoresis wadormed using the Comet assay
reagent kit purchased from Trevigen according ® itenufacturer’s instructions.
DNA was stained with SYBR Green | (Trevigen) andtographed by an inverted

fluorescence microscope.

4.16. Western blotting analysis
For total protein isolation, cells were harvestedysis buffer containing radio

immunoprecipitation assay (RIPA) buffer, phenylnaetbsulfonyl fluoride (PMSF)
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and phosphatase inhibitors mixture. For cytochratneghe cytosol fraction was
isolated from the total cell lysates using Cell dditondria Isolation Kit. The protein
concentrations were determined by BCA Protein As§ayThe effects oRul on the

expression levels of proteins associated with @gdle relative, DNA damage, Bcl-2

family and caspase were examined by western bhdysis.

4.17. Real-timeliving cell imaging

HelLa cells were placed into 20 mm class bottom celture dish and
incubated for 24 h. Then cell mitochondria and ausés were stained with 100 nM
Mito Tracker Red CMXRos and gg/mL DAPI for 20 min, respectively. After
washing with PBS twice, cells were cultured in fresedium contained with 4,0V
of Rul on Tokai hit INUBG2ETFP-WSKM at 37 °C with 5% GCCell images were

captured with inverted fluorescence microscopdftdrdnt time intervals.
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Resear ch highlights

Two new cyclometalated Ru(ll) complexes were synthesized and characterized.
Rul and Ru2 against four cancer cells and one normal cell was evaluated.

Rul and Ru2 mainly accumulated in the nuclei in HelL.a cancer cells.

The cellular uptake and apoptosis-inducing mechanism were explored.

The mitochondria membrane potentidl, ROS and DNA damage were
investigated.



