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ABSTRACT

Non-small cell lung cancer (NSCLC) is the most common cancer worldwide, which is related with poor prognosis
and resistance to chemotherapy. Notably, ruthenium-based complexes have emerged as good alternative to the
currently used platinum-based drugs for cancer therapy. In the present study, we synthesized a novel bis-pyr-
imidine based ligand 1,3-bis(2-methyl-6-(pyridin-2-yl)pyrimidin-4-yl)benzene (L) and used it in the synthesis of
a dimetallic Ru(Il) cymene complex [(Ru(nﬁ—p—cymene)Cl)z(l,3—bis(2—methyl—6—(pyridin—2—yl)pyrimidin—4—yl)
benzene)] (L-Ru). We checked the stability of this complex in solution state in D;O/DMSO-dg¢ mixture and found
it to be highly stable under these conditions. We determined the anticancer activity and mechanism of action of
L-Ru in human NSCLC A549 and A427 by 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT)
and related biological analyses. These results revealed that L-Ru exerted a strong inhibitory effect on the cells
proliferation,GO/G1-arrest, accompanied with upregulation of p53, p21, p15, cleaved Poly (ADP-ribose) poly-
merase (PARP) protein and downregulation of cell cycle markers. L-Ru inhibited cell migration and invasion.
The mitochondria-mediated apoptosis of NSCLC induced by L-Ru was also observed followed by the increase of
apoptosis regulator B-cell lymphoma 2 associated X (BAX), and activation of caspase-3/-9. The effects of L-Ru on
the cell viability, Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) positive cells and
Annexin V-positive cells apoptosis induction were remarkably attenuated. This complex induced DNA damage,
cell cycle arrest and cell death via caspase-dependent apoptosis involving PARP activation and induction of p53-
dependent pathway. These findings suggested that this ruthenium complex might be a potential effective che-
motherapeutic agent in NSCLC therapy.

1. Introduction

pathways as well as DNA-damage [2]. In the past decade, lung cancer is
one of the most frequently diagnosed cancers and has the highest

Cancer is one of the leading causes for health problem, with sig-
nificant associated death and disabilities worldwide [1]. Treatment
against cancer can have some difficulties in molecular level because the
tumor cells are able to change all the genetic defense mechanism and
repair of the DNA molecule form the activation of proto-oncogenes and
inactivation of suppressor genes, including several DNA-repair
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mortality rate worldwide [3], making it the second-most frequent cause
of cancer-related death in males and females [4,5]. Non-small cell lung
cancer (NSCLC) is found in approximately 80% of all lung cancer cases.
Amplification of oncogenes, activation of survival signaling and
genomic instability play key role in the progression of NCSLC and thus
promote resistance against chemotherapeutic agents. There are several
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Scheme 1. Synthesis scheme for L and L-Ru.

therapeutic approaches to the treatment of lung cancer, including
chemotherapy [4,6]. Currently, radiotherapy and chemotherapy are
still the standard therapy method, but only a modest increase in sur-
vival rate is found after the application of radio-therapy and che-
motherapy [7]. Thus, the development of effective therapeutic agents is
important and urgent for lung cancer treatment.

Over the past decades, a variety of metal complexes have been
identified in the anticancer therapy [8,9]. Cisplatin (CP; cis-diammi-
nedichloroplatinum II), a first-line chemotherapeutic agent based on
damaging the DNA structure and/or its function, has long been used to
suppress a number of different solid tumors, including head and neck,
bladder, testicular, cervical, ovary, breast, esophageal and NSCLC
[1,10,11]. Although cisplatin is a high cytotoxic drug, but still re-
sistance is common due to several genetic and epigenetic changes in
cancer cells [4,12,13]. The drug acts primarily as a DNA-damaging
agent through interaction with purine bases in DNA and formation of
DNA-DNA and DNA-protein inter and intrastrand crosslinks, including
growth arrest and/or apoptosis [14,15]. The mechanism of cisplatin-
induced anticancer therapy is widely through to be interrelated with
DNA synthesis and replication, and considered as mainstay in antic-
ancer chemotherapy. However, serious side effects on the normal body
tissues/organ such as ototoxicity, genetic toxicity, myelosuppression,
neurotoxicity, and allergic reactions, and intrinsic or acquired re-
sistance to cisplatin are the major therapeutic problems for cancer
chemotherapy, which have limited its applications [15,16].

Thus, an increasing number of investigations have been carried out
on the safer and effective chemoprevention and development is re-
quired for the improvement of the efficiency and lower the treatment
cost of chemotherapy [1,17]. At present, much attention has focused on
ruthenium compounds since they displayed significant antitumor ac-
tivity, low toxicity to normal tissues, no cross-resistance with cisplatin,
and easy absorption by tumor micro-environment [18,19]. Ruthenium
complexes have emerged as part of new approaches to cancer therapy
and have showed extremely promising results in the development of
novel metal anticancer drugs, the studies on their action mechanisms
have attracted wide attention in the past years [20-24]. Many re-
searchers have discovered that DNA and some intercellular proteins are
main targets of Ru complexes [25-27]. Polypyridyl Ru(II) compounds
can induce cancer cell apoptosis by targeting mitochondria and causing
the overproduction of reactive oxygen species [28,29]. The cis-
[RuCl>(NH3)4]Cl complex presented cytotoxicity, reduction of tumor
growth and increased survival time of animals on murine sarcoma
(S180) using in-vitro and in-vivo assays [30]. Several studies reported
that ruthenium (III) and (II) complexes exhibited a potent antitumor
activity in-vitro by inducing apoptotic mechanism [31,32], and induc-
tion of DNA damage [31,33]. Ruthenium II complexes induce cell death
against murine Sarcoma (S180) via induction of apoptosis [17,34-36].
To the date, many researches are focused on the interaction between
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ruthenium complexes and intercellular biomacromolecules. However,
till now little information on the mechanism of apoptosis by ruthenium
complexes is available. It remains unclear that how ruthenium com-
plexes triggers apoptosis in cancer cells.

Our research group is working on metal complexes against antic-
ancer activity in different kinds of cancer cell lines [16,37-41].
Therefore, in this paper we synthesized a new dimetallic Ru(II) cymene
complex [(Ru(n(’—p—cymene)Cl)2(1,3—bis(2—methyl—6—(pyridin—Z—yl)pyr—
imidin-4-yl)benzene)] (L-Ru) appended on a bis-pyrimidine based li-
gand 1,3-bis(2-methyl-6-(pyridin-2-yl)pyrimidin-4-yl)benzene (L) in
excellent yield and characterized by detailed analytical methods. This
complex was found to be highly stable in solution state as revealed by
repeated 'H NMR analysis over three days. The cytotoxicity assays
against NSCLC A549 and A427 cell lines were carried out using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method.
In addition, we analyzed the effect of this complex on cell morphology
and cell migration as well as mechanism of cell death induced and
changes in cell cycle arrest. Furthermore, the ability of this ruthenium
complex to promote apoptosis was investigated by apoptotic gene
regulation and activation of caspase-3/-9.

2. Results
2.1. Chemical synthesis

bis-Pyrimidine based ligand L was synthesized in goog yield by base
catalyzed cyclization of chalcone (Chal) with acetamidine hydro-
chloride in refluxing ethanol. 1 equivalents L was reacted with 1.1
equivalents of dichloro(p-cymene)ruthenium(Il) dimer in methanol/
dichloromethane mixture during 24h (Scheme 1). Pure solid of the
complex (L-Ru) was isolated in excellent yield from the reaction mix-
ture dissolved in ethanol by anions exchange from chloride to hexa-
fluorophosphate. It was characterized by IR, 'H, *C NMR spectroscopy
and HR-MS (ESI) spectrometry and elemental analysis.

2.2. Stability of L-Ru

The stability of an anticancer agent is crucial especially when it is a
metal-based compound. As metal easily coordinate with a number of
solvents and affected by air, light etc., therefore it is important to check
the stability in solid as well as in solution state. Several previous studies
showed the influence of stability on the anticancer activities of a par-
ticular complex. Different techniques like NMR and UV spectroscopy,
MS, LC-MS or GC-MS spectrometry analyses were used for the stability
study of different Ru or other metal complexes in solution state
[42-45]. Similarly, fast aquation was observed for several Ru-cymene
based complexes [42]. We found L-Ru to be stable in solid state under
air and light, as we performed "H NMR analysis for the same sample we
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prepared 20 months before (ESI Fig. S1). Similarly, we performed 'H
NMR analysis for L-Ru over three days in 20% D,0/DMSO-d, (ESI Fig.
$2). The repeated 'H NMR analyses over three days showed no change
in the proton chemical shifts or numbers. These results showed this
complex resist aquation and it is highly stable under these laboratory
conditions (presence of DMSO and water).

However, Ru complexes aquation of the ancillary chloride ligand is
an important phenomenon and it facilitates their interaction with bio-
molecules. This aquation also decreases the stability of these com-
pounds and they become more susceptible to break down or interaction
with other biomolecules instead reaching the target. Similarly, their
proper clinical administration may also be difficult and become pro-
blematic for proper evaluation. Therefore, different modification could
stabilize the labile nature of the chloride ligand, at least to achieve the
stability in laboratory conditions [46].

We achieved this stability in L-Ru, and showed this complex is stable
in water/DMSO under laboratory conditions. Inside cancer cell condi-
tions are different therefore we can assume that aquation of chloride
ligand occurred and the aquated complex interacted with the target
biomolecule and resulted in apoptosis of the cells. Similarly, the loss of
arene function to make active specie or other non-covalent interaction
of L-Ru with biomolecule could not be omitted and they may also be
responsible for effective cancer cells apoptosis. But all these processes
are hard to monitor inside cancer cells and may require further detailed
analyses.

2.3. Inhibition of cell proliferation

In order to evaluate the cytotoxic activity of the ruthenium complex
(L-Ru), the in-vitro assays were carried out against NSCLC A549 and
A427 cell lines. Cisplatin was used for comparison, under identical
conditions. In this assay, these compounds were incubated with cells for
24 h. As shown in Fig. 2A, the cytotoxic effect of L-Ru (0-20 pM) and
positive control CP (0-20 uM (an established chemotherapeutic agent)
were assessed to optimum concentrations for the prevention of tumor
growth on A549 and A427 cells. As a result, significant change was
observed in the cell viability of L-Ru treated A549 and A427 cells at
higher concentration of L-Ru (20 uM) with respect to control (un-
treated) (Fig. 1A). Based on these results, further analysis was carried
out at concentration of 20 uM as a most significant concentration.

Next we performed colony formation assay to determine the cell
proliferation of L-Ru and CP (20 pM) treated A549 and A427 cells. The
results demonstrated that 20 uM concentration of L-Ru was the most
effective, and that cell proliferation inhibition was drastically reduced
as compare to control group in A549 and A427 cells (Fig. 2B, C). These
results indicated that L-Ru treatment inhibited cell proliferation and
colony formation of NSCLC cells.

2.4. Morphological analysis of cells by AO/EB and Hoechst 33342 staining

Cell death through apoptosis is essential for anticancer activity of
complexes. Apoptosis was investigated with staining method utilizing
acridine orange (AO) and ethidium bromide (EB) under fluorescence
microscope. The AO/EB staining is sensitive to DNA and was used to
assess changes in the nuclear morphology. Control cells (live and
healthy) produce bright green fluorescence with normal cytoplasm and
nuclei morphology. Whereas, A549 and A427 cells treated with L-Ru
display yellowish green fluorescence with membrane bleeding con-
taining apoptotic bodies and red necrotic cells represented apoptosis
(Fig. 2A). These characteristic features are typical of apoptotic cells and
are very different from cells shown in control. Furthermore, the nuclear
morphological changes during apoptosis after 24 h of drugs treatment,
fluorescence staining was done with DNA binding dye Hoechst-33342
followed by microscopy technique to analyze the morphological
feathers of nuclei to discriminate apoptotic, necrotic, and viable cells.
In control cells, normal nuclei with uniform blue chromatin were
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observed which indicated healthy cells with no nuclear disruption.
Whereas, L-Ru-induced cellular death was indicated by cell with bright
colored, nuclear shrinking, chromatin condensed and cytoplasmic
bleeding in A549 and A427 cells were observed in comparison with CP
as a positive control (Fig. 2B). These results indicated that exposure of
L-Ru has ability to triggers the apoptotic pathway of cells death in
NSCLC cell lines.

2.5. Induction of cell apoptosis by L-Ru

To determine the ability of L-Ru to induce A549 and A427 cells
apoptosis was analyzed by annexin fluorescein isothiocyanate/propi-
dium di-iodide staining (FACS/PI). The results showed that the number
of apoptotic cells in the L-Ru and CP group was significantly higher
than that in the control group (Fig. 3A). Compared with control, cel-
lular apoptosis in the L-Ru was significantly higher in A549 and A427
cells, respectively (Fig. 3B). To further validate the apoptosis induced
by L-Ru in A549 and A427 cells, Terminal deoxynucleotidyl transferase
(TdT) dUTP nick-end labeling (TUNEL) assay was performed to detect
the presence of any DNA stand breaks, as well known hallmark of
apoptosis. After exposed with L-Ru and CP (positive control), cells
showed significant increase in TUNEL positive cells as compared to the
negative control cells in A549 and A427 cells (Fig. 3C and D). This data
indicated that L-Ru greatly induced cells apoptosis compared with
control group. However, L-Ru induced evident apoptosis almost similar
to CP in both cancer cell lines.

2.6. Cell cycle inhibition

Next we investigated whether L-Ru complex can suppress DNA
synthesis by blocking cell cycle progression. The cell cycle distribution
of A549 and A427 cells, after 24 h of incubation with 20 uM of L-Ru and
CP (positive control) was performed using flow cytometric analysis.
According to flow cytometry histogram data, treatment of A549 and
A427 cells with complexes induces shift in the population of cells
during cell cycle as compared to negative control. 20 uM concentration
of L-Ru led to an increase in the percentage of cell in GO/G1 cell cycle
phase by 15.72% and G0/G1 phase by 16.42% in A549 and A427 cells,
respectively (Fig. 4A). However, graphical representation of L-Ru
showed 10-12% lower GO/G1 arrest comparing with of CP in A549 and
A427 cells, respectively (Fig. 4B). These results indicate that L-Ru has
ability to reduce DNA synthesis by inhibiting S and G2/M phase.

2.7. L-Ru activates caspase-3/-9 cascade

Next we asked whether L-Ru has the ability to activate caspase-
dependent signaling in NSCLC cells. Caspase-dependent signaling plays
an important role in the activation of apoptosis. Interestingly, we ob-
served caspase-3 activity was significantly increased with L-Ru treat-
ment in both cells, whereas cells exposed to CP exhibited more dramatic
activation of caspase-3 (Fig. 5A). Taken together, these results indicated
that compared to CP, the apoptotic effect of ruthenium induced in
NSCLC cells involved caspase-3 activation at an earlier period. To fur-
ther understand the potential mechanism of ruthenium induced apop-
tosis, the initiator of the intrinsic and intrinsic pathways activator
caspase-9 was investigated. The results showed that treatment with
20 uM of L-Ru for 24 h significantly increased the activity of caspase-9
(Fig. 5B). Caspase activation play critical role in proteolytic cleavage of
cleaved Poly (ADP-ribose) polymerase (PARP), which is regarded as a
biochemical marker of cells undergoing apoptosis [47]. Treatment with
L-Ru significantly activated the cleavage of PARP in both cancer cells
lines (Fig. 5C). The results suggested that L-Ru effectively triggered the
activation of the extrinsic and intrinsic apoptosis pathways, and the
mitochondria-mediated pathways may have an important effect on cell
apoptosis.
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Fig. 1. Inhibition of cell proliferation by ruthenium complex. (A) MTT assay to determine cell viability of L-Ru treated A549 and A427 cells, after 24 h of incubation
with 0-20 uM concentration. (B) Represented images of colony formation assay in A549 and A427 cells, after exposure with 20 uM of L-Ru and CP as a positive
control. (C) Analyzed in percentage inhibition of cologenic ability in A549 and A427 cells.

2.8. Effect of L-Ru on the expression of apoptosis and cell cycle associated
proteins

Next we investigated the underlying molecular mechanism that how
L-Ru complex induces apoptosis and suppresses cell cycle progression.
We found that the treatment of A549 and A427 cells with L-Ru sig-
nificantly enhanced p53, p21, p15 tumor suppressor proteins expres-
sions. In contrast, cell treated with L-Ru showed inhibition of c-Myc
(myelocytomatosis) oncogene expression coupled with suppression of
cell cycle regulatory proteins such as cyclin D1, cyclin A1, and cyclin B1
(Fig. 6A). In sum, these results indicate that L-Ru has ability to regulate
thee subset of protein expressions that play important role in apoptosis,
cancer progression and cell cycle regulation.

2.9. Effect of L-Ru on the mRNA expression level of p53 target genes

Tumor suppressor p53 mainly act as a transcription factor and has
ability to control the expression of several target genes that play im-
portant role in cell proliferation, migration and cell cycle progression.
Therefore, qRT-PCR (quantitative real-time polymerase chain reaction)
analysis was performed to determine the expression profile of p53
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downstream and upstream target genes in NSCLC cells. Results showed
that L-Ru affected the expression of apoptosis regulator Bax (B-cell
lymphoma 2 associated X), PUMA (p53 upregulated modulator of
apoptosis), and NoxA (Phorbol-12-myristate-13-acetate-induced pro-
tein 1) genes and increased the mRNA expression levels in A549 cells.
Similarly, A427 indicated higher mRNA expression of Bax, PUMA, and
NoxA genes compared with control cells. The most pronounced effect of
L-Ru was noted on Bcl2 (B-cell lymphoma 2) mRNA expression in
treated cells. The exposure of L-Ru to A549 cells resulting decreased in
Bcl-2 and hTERT (Telomerase reverse transcriptase) transcript levels,
whereas decreased in Bcl-2 and NoxA in A427 cells was obtained
(Fig. 6B). These magnitude of changes in p53 target genes expression in
treated cells indicated towards apoptotic induction properties of com-
plexes in NSCLC cells.

2.10. L-Ru complex inhibits migration and invasion

Cell migration and invasion play role in cancer metastasis. Blocking
of cell invasion has been linked with suppression of cancer progression.
To address the role of ruthenium in the regulation of migration and
invasion in NSCLC cells, transwell assays were performed. The results
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Fig. 2. Effect of L-Ru on NSCLC cells morphology apoptosis. (A) A549 and A427 cells were stained with AO/EB and observed under fluorescence microscopy. In the
presence of L-Ru (20 uM) incubated for 24 h. Cells showed living cell in green, arrows indicate apoptotic and necrotic cells exhibit orange or red color, respectively.
(B) Hoechst-33342 staining after 24 h of L-Ru and cisplatin treatment was visualized under the fluorescence microscope (magnification 20 x ).

showed that L-Ru treated cells significantly suppressed the migration of
A549 and A427cells (Fig. 7A, B). Similarly, the invasion ability of A549
and A427 cells were also reduced by L-Ru treatment (Fig. 7C, D). The
migration and invasion capacity was compared with standard drug CP
as a positive control in both assays. These data suggested that L-Ru
treatment suppresses migratory and invasive abilities of NSCLC cells.
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3. Discussions

Human cancer is a complex and highly diverse disease based on
multiple etiologies, multiple cell targets and distinct developmental
stages. Cancer development involves several genetic and epigenetic
changes. One of the major hallmarks of cancer is the resistance of
cancer cells against chemotherapy. Imitation of apoptosis signaling play
crucial role in the elimination of cancer cells by cell death mechanism.
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A key process in the ability to tumor cells to expand locally is resistance
to apoptosis. The suppression of apoptotic potential can involve the
activation of anti-apoptosis factors [48]. The programmed cell death or
apoptosis mechanism plays a critical role in various physiological
processes, such as maintenance of homeostasis during the development
of adult tissue and control immunologic activity. The dys-regulation of
apoptosis pathways, one of the hallmarks of cancer cells, has been
found in several diseases including cancer [49]. Previously, it was
found that cis-[RuCl(BzCN)(bipy)(dppe)]PF¢ (BzCN = benzonitrile,
bipy = 2,2’-bipyridine, dppe = 1,2-bis(diphenylphosphino) ethane)
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complex was cytotoxic against murine leukemia (S180), prostate (DU-
145), leukemia (K572), and lung (A549) cells with ICso values 17.0,
7.16, 11.6, and 20.0 uM, respectively [50]. In this study, we demon-
strated that L-Ru exhibit higher and preferential cytotoxicity against
NSCLC A549 and A427 cells. Our results demonstrated that that L-Ru
exhibited higher efficacies in killing NSCLC cells. However, L-Ru
showed modest cytotoxic potential and apoptosis activity in association
with CP. To confirm these results, clonogenic cell survival assay de-
termines the ability of cell to proliferate, thereby retaining its re-
production ability to form a large colony (> 50 cells) or a clone [51]. L-



M.Z. Bhatti, et al.

Journal of Inorganic Biochemistry 194 (2019) 52-64

A549 A427
b
Ctrl L-Ru CP Ctrl L-Ru CP
£ LE £ o e E
o] g g4 . 8 &
E e e £ £ i
%] H H s ] 3]
§ E o]
- - §—
k E &4 :
RARRE TR Y Rt R ARAr R B R YA ¢ Banl © S Bewall, 0 ® Sewndd
A549 Ad427
B GO/Gl /i
1201 g 120- B G0/Gl
B S I S
2 1004 B G2/M X H G2/M
2 807 2
- =
= 604 s
- =
4 P}
Z 404 Z
g g
0-
Ctrl L-Ru cp ctrl L-Ru cp

Fig. 4. L-Ru interfere with cell cycle in NSCLC cells. (A) A549 and A427 cells were treated with 20 uM of L-Ru for 24 h. Representative histograms of PI staining were
showed. (B) The percentage distribution of cell cycle phases of A549 and A427 cells. Values represented mean + SD of three independent experiments.

Ru significantly inhibited the number of A549 and A427 colonies when
compare with control (Fig. 1B and C).The CP (20 uM) abolished more
dramatic capacity of NSCLC cells to form colonies.

The cell death by apoptosis is one of the main type of death and
involves a series of biochemical events leading to marker changes in
cellular morphology, including externalization of phosphatidylserine in
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the cellular membrane, chromatin condensation, membrane bleeding,
nuclear breakdown, and the appearance of membrane-associated
apoptotic bodies, and internucleosomal DNA fragmentation [52].
Morphological investigation confirmed the cell shrinkage, membrane
bleeding, nuclear condensation and DNA fragmentation in treated A549
and A427 cells with L-Ru and/or CP used as a control, due to the fact
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caspase-9 activation was measured by colorimetric method. Values represented mean =+ SD of three independent experiments. (C) A549 and A427 cells were treated
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Fig. 6. Expression of apoptosis and cell cycle inhibition proteins by L-Ru. (A) A549 and A427 cells were treated with 20 uM of L-Ru for 24 h and subjected to western
blot analysis against indicated antibodies. Appropriate controls were included: positive control (CP; 20 uM) and negative control DMSO (0.1%) were treated with
cells for 24 h. B-actin was used as loading control. (B) A549 and A427 cells were treated with 20 uM of L-Ru for 24 h and mRNA expression of p53-traget genes were
analyzed by qRT-PCR analysis. Error bars represent the average of three independent experiments (mean * SD).

that it is well known for its potent apoptosis-inducing activities. As
shown in Fig. 2, A549 and A427 cells indicated the apoptotic induction
property of complex. Increased numbered of cell death by apoptosis
seem to main mechanism behind anticancer property of L-Ru. To fur-
ther, investigate the anticancer potential of L-Ru is associated with the
induction of death by apoptosis or necrosis was determined, using
Annexin V-FITC/PI staining. As shown in Fig. 3, treatment of cells with
L-Ru (20 uM) exhibited 35.9% and 34.5% of A549 and A427 cells were
in the apoptotic phase, respectively. The number of cells at the early
and late apoptotic phases greatly increased, indicated that ruthenium
complex potently induced apoptotic cell death.

Apoptotic induction and cell cycle regulation are intimately related
to each other. The cell cycle arrest in the GO/G1 phase may have led to
their apoptosis by disrupting the cell cycle. We demonstrated that A549
and A427 cells significantly arrest the cell in GO/G1 phase by inhibiting
the cells entering into S-phase of the cell cycle (Fig. 4). Earlier studies of
Ru-arene complexes have demonstrated the potential of these com-
plexes to generate arrest in the sub-G1 phase of cell death via the
apoptosis pathway against breast cancer cells [53]. The kinetics of
cervical cancer (HeLa) cells treatment with [Ru(tpy)(Nh)3;](CF5S03),
(tpy = 2,2;6’,2”-terpyridine, Nh = Norharman) complex demonstrated
relationship between percentage of cells in apoptosis and an increase of
cell detected in sub-G1 phase [54]. Similarly, Gaiddon et al. [55] and Li
et al. [56] showed that ruthenium complex induces GO/G1 phase arrest
by the p53 activation. Furthermore, ruthenium (II)/polypyridine com-
plex [Ru(dmp),(AHPIP)(ClO4),] (dmp = 2,9-dimethyl-1,10-phenan-
throline, AHPIP = 2-(3-amino-4-hydroxylphenyl)imidazo[4,5-f][1,10]
phenanthroline) against liver cancer (Bel-7402) cells, in which the
complex induced cell cycle arrest followed by apoptosis [57,58].

Caspase-dependent signaling plays an important role in the induc-
tion of apoptosis, and activation of individual caspase, which finally
triggers cell death pathway. We observed that in vitro activities of
caspase-3/-9 were significantly increased with L-Ru treatment in A549
and A427 cells (Fig. 5A, B). PARP is a nuclear enzyme required for DNA
repair, but during apoptosis transduction, PARP is deactivated by se-
paration into small fragments which contributes to the suppression of
its function [59,60]. The observed elevated levels of cleaved PARP and
active p53, together with apoptotic nuclei, indicate the cytotoxicity of
ruthenium on NSCLC. We also evaluated the expression of PARP

59

cleaved protein after 24h of incubation of L-Ru by Western Blot
(Fig. 5C). The results indicated that L-Ru obviously activated caspase3/
9 and induced remarkable cleaved of PARP in NSCLC cells. This
strongly demonstrated that L-Ru can induce cell death adjusted through
caspase-dependent pathway.

In this article, the changes in gene expression of p53 were essential
to better understand the mechanism by which L-Ru may acts in NSCLC
cells. In normal conditions, p53 is maintained at a quite low-level ex-
pression, with its protein interacting with the proteasome. Activation of
p53 promotes cell cycle arrest to allow DNA repair and/or apoptosis
[61]. p21 is a tumor suppressor that inhibits cell cycle progression by
decreasing DNA synthesis. Induction of p21 in response to che-
motherapeutic agents is important in inhibition of cancer cell invasion,
migration and metastasis [62,63]. Our data indicated that L-Ru induced
the protein expression of p53, p21, and pl5 in NSCLC cells. On the
other hand, c-MYC oncogene expression was inhibited via p53 (Fig. 6A).
c¢-MYC is a multifunctional gene important in cell cycle progression,
apoptosis and cellular transformation. c-MYC amplification play critical
role in cancer metastasis [64,65].

Several genes are involved in this process of apoptosis, which is
operated by anti-apoptotic and pro-apoptotic genes regulation in re-
sponse to genotoxic stress such as Bax, PUMA, and NoxA [66]. PUMA
acts as a tumor suppressor gene that inhibits apoptosis and inhibits cell
cycle progression [67]. qRT-PCR analyses were performed in lung
cancer cells treated with L-Ru. Strong expression of Bax, PUMA, and
NoxA were showed the ability of L-Ru to induce these genes (Fig. 6B).
In contrast, QRT-PCR analysis showed that L-Ru greatly repressed the
expression of hTERT and pro-apoptosis Bcl-2 oncogenes in lung cancer
cells (Fig. 6B).

Cell invasion and migration are considered most critical steps for
progression of cancer metastasis. Inhibition of cell migration and in-
vasion play key roles in the suppression of both primary and secondary
metastasis. In vitro migration assays are necessary to understand the
mechanism of cell migration and also to identify the inhibitory or sti-
mulatory capacity of the compounds [68]. The effect of ruthenium
complex and CP (positive control) on NSCLC (A549 and A427 cells) cell
migration was evaluated using Boyden chamber transwell migration
and invasion assay, and a significant inhibition of cell migration as well
as invasion was observed in both cell lines (Fig. 7). Previous studies
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Fig. 7. Effects of L-Ru on migration and invasion of cancer cells. (A) A549 and A427 cells were treated with 20 uM of L-Ru or CP for 24 h and subjected to cell
migration assay. (B) Represents statistical analysis of three independent experiments. (C) A549 and A427 cells were treated with 20 uM of L-Ru or 20 uM of CP for
24h and subjected to cell invasion assay. (D) Represents statistical analysis of three independent experiments.

have shown that organometallic ruthenium complexes, such as Ru(Il)-
benzene-phenylimidazole [69], [Ru(n6-p-cymene)C12(PTA)] (RAPTA-C)
(PTA = 1,3,5-triaza-7-phosphatricyclo-[3.3.1.1]decane), [Ru(n®-p-
cymene)Cl;(DAPTA)] (DAPTA-C) (DPATA = 3,7-diacetyl-1,3,7-triaza-
5-phosphabicyclo[3.3.1]nonane) [70], and Ru(Il)-p-cymene-amino
oxime [71], exhibited similar migration inhibitory capabilities in breast
cancer cells and other tumor cell lines.
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4. Conclusion

In summary, a dimetallic Ru-cymene complex appended on bis-
pyrimidine (L-Ru) was synthesized and characterized by detailed
spectroscopic and spectrophotometric analyses. The stability analysis
showed it a stable complex in solution state in water/DMSO mixture.
This study revealed that L-Ru possessed good cytotoxic activity and cell
apoptosis against NSCLC. The underlying mechanism is believed to be
through the upregulation of the tumor suppressor gene p53, which
resulted in the imbalance of apoptosis regulatory protein causing
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suppression of cancer cell growth, invasion and migration by blocking
cell cycle progression and downregulation of oncogenes. PARP become
activated and cleaved their substrates, thus initiating the cells apoptotic
machinery. Overall, our results indicated that L-Ru was a very pro-
mising candidate for future studies aiming at understanding its me-
chanism of action in order to investigate it potential use as a new an-
ticancer agent in NSCLC therapy.

5. Material and methods
5.1. Reagents and cell culture

All analytical grade reagents were purchased from commercial
sources and used without further purification. Dichloro(p-cymene)ru-
thenium(II) dimer was purchased from Energy Chemical Shanghai
China. Preparative thin layer chromatography (TLC) was performed on
precoated silica gel plates (0.4-0.5 mm thick). 'H, and *C NMR ana-
lyses were performed using Bruker AVANCE III HD 400 MHz spectro-
photometer. Positive ions HR-ESIMS analyses were performed using
Bruker micrOTOF II.

Reagents for cell culture system were purchased from GIBCO BRL
(Grand Island, NY, USA). Cisplatin (cis-diamminedichloroplatinum II),
Hoechst-33342, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-zolium
bromide (MTT) were purchased from Sigma-Aldrich, St. Louis, USA.
The terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay kit was purchased from Roche Applied Science.
Antibodies for poly (ADP-ribose) polymerase (PARP), p53, p21, p15, c-
MYC, cyclin D1, cyclin Al, cyclin B1, and beta-actin were obtained
from Cell Signaling technology (Beverly, MA, USA).

NSCLC A549 and A427 cells were obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in
RPMI-1640 medium supplemented with 10% fatal bovine serum (FBS),
100 U/mL penicillin and 100 pg/mL streptomycin. The cells were
maintained at 37 °C under a humidified atmosphere of 5% CO,.

5.2. Synthesis of bis-pyrimidine based ligand (L)

92 mg 4 equivalents of Na was dissolved in 20 mL dry n-propanol in
a 100 mL round bottom flask at RT. 208 mg 2.2 equivalents of acet-
amidine hydrochloride was added to the Na solution in one portion
followed by 341 mg, 1 equivalent of the bis-chalcone (Chal). The tem-
perature of the mixture was slowly raised to reflux and stirred for 18 h.
The mixture was cooled to RT, added with 20 mL of water and stirred at
RT for 1 h, which resulted in a white solid precipitation. The solid was
filtered, washed with water and recrystallized from EtOH/water 3:1
mixture. 230 mg pure L was recovered in 55% yield. L was character-
ized as below while the IR, 'H, *C NMR and ESI-MS spectra were given
in the ESI. FT-IR (KBr Pellet) cm™': 3506, 1595, 1575, 1537, 1473,
1450, 1435, 1397, 1381, 1363, 1271, 1086, 992, 829, 801, 763, 743,
673, 650, 638, 623. 'H NMR (400 MHz, CDCl5) § 9.37 (s, 2H), 8.83 (d,
J = 4.8 Hz, 2H), 8.65 (d, J = 7.7 Hz, 2H), 8.54 (d, J = 7.8 Hz, 2H), 8.05
(t,J = 7.9Hz, 1H), 7.90 (t, J = 7.6 Hz, 2H), 7.46-7.41 (m, 2H), 2.93 (s,
6H) ppm. *C NMR (100 MHz, CDCl3) § 167.9, 164.2, 163.9, 154.7,
154.4, 149.6, 138.0, 137.0, 125.0, 123.1, 121.9, 111.3, 26.3 ppm. HR-
MS (ESI): Caled. chemical formula: C,sHo0N,, [M + H]*t, 418.1780,
found 418.1775.

5.3. Synthesis of Ru(Il) complex (L-Ruw)

A two necked round bottom flask with a magnetic stirrer bar was
charged with 66 mg 2.2 equivalents of ruthenium(cymene)dichloride
dimer and 20 mL of CH30H/CH,Cl, (1:1) mixture. The flask was im-
mersed in an oil bath preheated at 40°C. 41.7 mg of L dissolved in
10 mL CH30H/CH,Cl, (1:1) mixture was added drop wise to the flask
and stirring was continued at the same temperature for 24h. The
mixture was cooled to RT and vacuum evaporated to get a red sticky
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solid. The solid was dissolved in 20 mL ethanol, excess (200 mg)
NH,4PFg dissolved in 20 mL water was added to it that resulted in a
greenish yellow solid precipitate. The solid was filtered and washed
with a 1:1 mixture of ethanol/water and dried in vacuum. 103 mg solid
complex (L-Ru) was recovered in 82% yield. FT-IR (KBr Pellet) cm ™ b
3451, 1597, 1532, 1485, 1439, 1402, 1385, 842, 792, 753, 641, 558.
H NMR (400 MHz, Acetonitrile-ds) § 9.38 (d, J = 5.3 Hz, 2H), 9.34 (d,
J = 5.7 Hz, 2H), 8.87-8.84 (m, 4H), 8.36 (t, J = 7.9 Hz, 3H), 7.89 (t,
J = 6.5 Hz, 2H), 6.10 (d, J = 3.6 Hz, 2H), 5.92 (d, J = 6.2 Hz, 2H), 5.84
(d, J = 6.1 Hz, 2H), 5.76 (d, J = 6.1 Hz, 2H), 3.43 (d, J = 2.0 Hz, 6H),
2.60-2.45 (m, 2H), 2.30 (s, 6H), 0.99 (d, J = 6.9 Hz, 6H), 0.94 (d,
J = 6.9 Hz, 6H) ppm. *C NMR (100 MHz, DMSO-ds) § 172.3, 163.6,
158.5, 156.9, 153.5, 152.2, 140.7, 130.1, 127.4, 126.0, 112.9, 106.8,
105.2, 89.0, 85.6, 85.3, 82.6, 30.8, 30.3, 22.4, 22.0, 19.0 ppm. Anal.
found (calculated for C45H47CloNsRu,.2PFg): C, 43.32 (43.28); 3.82H,
(3.79); N, 7.81 (7.85). HR-MS (ESI): Calcd. for chemical formula:
[C4sH47ClLN,Ru,]12*, [M-2PFg]?* 479.5673, found 479.5691.

5.4. MTT assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay (Sigma-Aldrich, St. Louis, MO, USA) was used to determine
the cell proliferation and viability, the cells were seeded at a density of
5 x 10> cells/well and were allowed to adhere prior to exposure to test
substrate for 24 h. Then, 20 uL of 1 mg/mL MTT (Sigma-Aldrich) was
added, and the cells were incubated in a humidified atmosphere con-
taining 5% CO,, at 37 °C for 4 h. The supernatant was then removed and
formazan crystals were dissolved in 200 puL of di-methyl sulfoxide
(DMSO; Sigma-Aldrich) for 15 min. Optical density was determined at a
wavelength of 570 nm using a micro-plate reader (Biotek, Winooski,
VT, USA). The viability of the non-treated cells (control) was defined as
100%, and the viability of cells from all other groups was calculated
separately from that of the control group.

5.5. Colony formation assay

A549 and A427 cells were seeded at a counteraction of 500 cells/mL
into 6-well plates. After 24 h of seeding, cells were treated with 20 uM
of L-Ru and incubated for 24 h, when cells were washer with PBS and
medium was replaced with fresh medium. The positive control cells
were treated with cisplatin and negative control was treated with 0.1%
of DMSO. After, 14 days, cells were washed with PBS and fixed with
glutaraldehyde 6% (v/v) and crystal violet 0.5% (w/v) for 3h. Then
cells were washed with PBS and plate images were taken under light
microscope.

5.6. Chromatin staining by Hoechst-33342

To determine the DNA chromatin morphological features, A549 and
A427 cells were exposed to Hoechst-3332 stain according to Rahman
et al. [37]. Briefly, the cells were cultured and treated with either cis-
platin and/or L-Ru (20 uM) for 24 h, washed with PBS (pH 8.0), and
fixed with cold 4% paraformaldehyde (PFA). Cells were washed with
PBS again and incubated with Hoechst-33342 (1 ug/mL) at room tem-
perature for 15 min. After washing with PBS, the resulting fluorescence
was detected under the fluorescence microscope (Olympus, Tokyo,
Japan) at 20 X magnification.

5.7. Determination of acridine orange/ethidium bromide (AO/EB) staining

After treatment with 20 uM of cisplatin and/or L-Ru for 24 h, cells
were washed with PBS and stain with 100 mg/mL of acridine orange
and incubated at room temperature for 15 min. After washing with PBS
fluorescent micrographs were obtained at 20 X magnification using
fluorescence microscope (Nikon, Tokyo Japan).
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5.8. Cell apoptosis analysis by flow cytometry

The cell apoptosis was analyzed by flow cytometry using Annexin V-
fluorescein isothiocyanate (FITC) an apoptosis detection kit (BD
Pharmingen), according to the manufacturer's instructions. In brief,
after the indicated treatments, cells were collected and centrifuged. The
cell pellets were resuspended in 1 x binding buffer at a concentration of
1 x 10° cells/mL. Cell suspension (100 uL) was incubated with 5pL
Annexin V-FITC for 15 min in the dark. Subsequently, propidium iodide
(PI; 10 uL) was added to cell suspension in dark for 30 min. Apoptosis
was analyzed by FASC using the Cell-Quest software (Beckman
Coulter).

5.9. Terminal transferase-mediated dUTP nick end labeling (TUNEL) assay

Cell apoptosis of the tumor cells was detected by TUNEL assay using
an In Situ Cell Death Detection Kit (Roche Diagnostic, Mannheim,
Germany) according to the manufacturer's instructions. In brief, the
cells were incubated with the TUNEL reaction mixture at 37 °C for 1 h in
dark. Labeled DNA was visualized with an anti-fluorescein antibody
conjugated with peroxidase using 3,3’-diaminobenzidine (Sigma). For
negative control, TdT was omitted from the reaction mixture. TUNEL-
positive cells were imaged and mounted by a light microscope and
expressed as a percentage of the total cells.

5.10. Flow cytometry analysis of cell cycle

Cells were collected at a density of 90% after culture, fixed in 70%
cold ethanol and kept at 4 °C for 3h. The cells were washed with PBS
and resuspended in staining buffer containing 25 L of propidium io-
dide and 10 pL of RNase A. the cell suspension was incubated for 45 min
in dark at 37 °C, before analysis of cell cycle markers by fluorescence
activated cell sorting (FACS) caliber flow cytometry (BD, Franklin
Lakes, NJ, USA).

5.11. Western blot analysis

Proteins were extracted from the cultured cells with indicated
treatments, cells were washed with 1x phosphate-buffered saline
(PBS), and lysated in NP-40 buffer supplemented with protease in-
hibitor cocktail and phosphate inhibitor cocktail (Sigma-Aldrich), and
centrifuged at 12000 RPM for 10 min at 4 °C. Protein concentration was
determined by the bicinchoninic acid (BCA) protein assay Kit (Pierce,
Rockford, IL, USA). Equal amounts of proteins were separated by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to nitrocellulose membrane (Bio-Rad laboratories, Inc.,
Hercules, CA, USA). The membranes were blocked for non-specific
binding with 5% non-fat dry milk in phosphate-buffered saline contain
0.05% Tween-20 (PBST) for 1h at room temperature, the blots were
incubated with primary antibodies (against PARP, p53, p21, p15, cyclin
D1, cyclin B1, cyclin Al, c-MYC, and f3-actin) at 4 °C overnight. Blots
were washed with PBST three times and incubated with secondary
antibodies (anti-mouse or anti-rabbit; 1:5000 dilution) for 1h. Then
blots were washed again three times and exposed to Odyssey LI-COR-
scanner (LI-COR Biotechnology, Lincoln, NE, USA).

5.12. RNA extraction and SYBR green quantitative PCR analysis

Total RNA was extracted from cells using Trizol reagent (Invitrogen,
CA, USA) according to the manufacturer's instructions. cDNA was
synthesized from equal amount of RNA using the PrimeScript™ RT re-
gent kit (TaKaRa, Otsu, Shiga, Japan) according to the manufacturer's
protocol. Quantitative PCR was performed using SYBR Premix Ex Taq II
(TaKaRa) on an ABI 7500 Real-Time PCR system (Applied Biosystems).
The relative gene expression was calculated using the 2~ *““T method.
The B-actin was used as the internal control. RT-PCR primer sequence is
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given in the Table S1.
5.13. Caspase activity assay

Caspase-3 and caspase-9 activities were determined by spectro-
photometric method (Caspase Assay Kit, Beyotime, Jiangsu, China).
Treated cells were, suspended in cell lysis buffer (100 pL) and incubated
on ice for 30 min, after centrifugation at 10,000 x g for 15 min at 4 °C,
supernatants were collected and placed in 96-well plats and then 10 pL
of specific caspase substrates (Ac-DEVD-pNA) was added. Plated were
incubated at 37 °C for 2h and caspase activities were tested by spec-
trophotometer.

5.14. Cell migration and invasion assays

Cells migration and invasion were determined by Transwell Boyden
chamber (8-um pore size; Corning Costar, NY, USA) method. For migra-
tion assay, the cells (2 x 10°) were treated with L-Ru or cisplatin for 24 h,
then digest and seeded in to transwell chamber for 24 h. The invasion
assay, the members of the upper chamber were precoated with Martigel
(Sigma-Aldrich, St. Louis, USA), then cells were added into upper chamber
containing with free-serum RPMI-1640. In the both assays, 700 uL of
RPMI-1640 with 10% FBS (serum media) was added to the lower chamber
of chemotaxis. After incubation for 24 h, cells on the upper membrane
were removed and those migrated or invaded through the membranes
were fixed with 4% PFA and stained with crystal violet (Sigma-Aldrich).
Five randomly selected fields were observed under a fluorescence micro-
scope (Olympus), and the average was calculated.

Abbreviations

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-

mide

PARP Poly (ADP-ribose) polymerase

Caspase Cysteine-dependent aspartate-directed protease

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end la-
beling

V-FITC  Annexin V-fluorescein isothiocyanate conjugate

c-MYC  Myelocytomatosis

gRT-PCR Quantitative real-time polymerase chain reaction

BAX B-cell lymphoma 2 associated X, Apoptosis Regulator

Bcl2 B-cell lymphoma 2

hTERT  Telomerase reverse transcriptase

NoxA Phorbol-12-myristate-13-acetate-induced protein 1

PUMA  p53 upregulated modulator of apoptosis

AHPIPO 2-(3-amino-4-hydroxylphenyl)imidazo[4,5-f][1,10]phenan-
throline

dmp 2,9-dimethyl-1,10-phenanthroline

BzCN benzonitrile

bipy 2,2’-bipyridine

dppe 1,2-bis(diphenylphosphino) ethane

typ 2,2%,6’,2”-terpyridine

Nh Norharman

RAPTA [Ru(n6-arene)X2(PTA)] (PTA = 1,3,5-triaza7-phosphaada-
mantane)

RAPTA-C [Ru(n®-p-cymene)Cly(PTA)]
DAPTA  3,7-diacetyl-1,3,7-triaza-5-phosphabicyclo[3.3.1]nonane
DAPTA-C [Ru(n®-p-cymene)Cl,(DAPTA)]

AHPIP  2-(3-amino-4-hydroxylphenyl)imidazo[4,5-f][1,10]phenan-
throline

N-N Dinitrogen donor ligands
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Appendix A. Supplementary data

1H and '3C NMR spectra, MS chromatograms and IR spectra for all

compounds, stability '"H NMR comparative spectra plot, RT-PCR primer
sequence table and other supplementary data associated with this ar-
ticle can be found in the online version at https://doi.org/10.1016/j.
jinorgbio.2019.01.019.
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