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ARTICLE INFO ABSTRACT

Keywords: Thioredoxin reductase (TrxR), a major component of the thioredoxin system, makes a critical role in regulating
Ru (I) complexes cellular redox signaling and is found to be overexpressed in many human cancer cells. TrxR has become an
Salicylatf? attractive target for anticancer agents. In this work, three Ru(Il) complexes with salicylate as ligand, [Ru
Apf)ptosm‘ (phen),(SA)] (phen = 1,10-phenanthroline, SA = salicylate, 1), [Ru(dmb),(SA)] (dmb = 4,4’-dimethyl-2,2"-bi-
;}c‘)l;mdoxm reductase pyridine, 2) and [Ru(bpy)2(SA)] (bpy = 2,2’-bipyridine, 3), were synthesized and characterized. The anticancer

effect exerted by them was evaluated. Complex 1 was found to exhibit obvious anticancer activity, in comparison
with cisplatin, against cancer cell lines, while displaying low toxicity to the normal cell line BEAS-2B. The
mechanism of complex 1 cancer cell growth suppress was investigated in A549 cells. Complex 1 exerted its
anticancer through inducing apoptosis and triggering cell cycle arrest at the GO/G1 phase. Complex 1 can se-
lectively inhibit TrxR activity and thus promote the generation and accumulation of reactive oxygen species
(ROS), which subsequently trigger mitochondrial dysfunction and DNA damage, activate oxidative stress-sen-
sitive mitogen activated protein kinase (MAPK), and suppress the protein kinase B (PKB or AKT) signal pathway,

resulting in apoptosis in A549 cells.

1. Introduction

Aspirin (aspH, o-acetyl-salicylate) is one of the most widely used
drugs worldwide, which can exert antipyretic, antiphlogistic and an-
algesic effect [1]. Salicylate (SA) (or o-hydroxybenzoic acid), a pre-
cursor of aspirin, also exhibits antiphlogistic activity and it has been
applied as a drug [1]. Numerous epidemiological studies have de-
monstrated that long-term use of salicylate may reduce the risk of colon
cancer by 40%-50%, and prevent suffering lung cancer, esophageal
cancer and gastric cancer [2]. In addition, salicylate is a multifunctional
ligand with two hard and strong alkaline donor centers promoting
chelation or metal bridging of medium to large cations [3]. In recent
time, it has reported that silver(l), copper(Il) and organotin complexes
with SA as ligand exhibit significant anticancer activity [2,4-7].

Recent decades, more and more reports believed that Ruthenium
(Ru) complexes have emerged as the most outstanding candidate for
cancer treatment [8]. So far three Ru complexes imidazolium [trans-
RuCl4(1H-imidazole)(DMSO-S)] (NAMI-A), indazolium [trans-
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RuCl4(1H-indazole),] (KP1019) and sodium [trans-RuCl,(1H-in-
dazole),] (NKP-1339) have entered clinical trial [9-11]. We have syn-
thesized a series of Ru complexes with B-carboline or imidazole as
functional ligands, which exhibit significant antiproliferation effect on
cancer cells [12,13]. Moreover, the recent studies by Chen et al. dis-
closed that the Ru polypyridyl complex [Ru(pip)s]®>* (pip = 2-pheny-
limidazo[4,5-f] [1,10]phenanthroline) induced reactive oxygen species
(ROS)-mediated apoptosis in cancer cells by targeting thioredoxin re-
ductase (TrxR) [14]. TrxR and thioredoxin (Trx), two main constituents
of the thioredoxin system, play an important role in regulation of the
redox balance and intracellular signaling pathways, and targeting these
is a new strategy for cancer treatment [14-17].

TrxR maintains the redox balance of cells and regulates redox-
mediated signal transduction by acting on its substrate molecule
thioredoxin, which in turn controls the proliferation, differentiation
and death of cells, as well as a series of biological processes [18]. More
importantly, TrxR is highly expressed in various primary tumors, such
as liver cancer and lung cancer [19]. Except for Trx, many endogenous
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substrates have also been shown to be reduced by TrxR, such as lipoic
acid, lipid peroxides and so on [20,21]. Besides, in contrast to those
from bacteria, mammalian TrxRs are bulky selenium-containing pro-
teins with a penultimate selenocysteine (Sec) in the C-terminal active
site, which contributes to the broad substrate specificity of TrxR
[22,23]. In addition, the Sec in the TrxR carbon terminal active site has
a low pKa value, which makes the enzyme present high activity and
react easily with electrophiles [24].

Currently, many studies have demonstrated that numerous antic-
ancer agents could inhibit TrxR. For instance, cisplatin, one of the first
therapeutically applied anticancer drugs, is found to act as an effective
irreversible inhibitor of TrxR [25]. Auranofin, the first reported TrxR
inhibitor, is ascertained that specifically acts on selenium groups on
TrxR selenocysteine residues [26]. However, auranofin easily integrates
with serum albumin in vivo and thus causes the rapid metabolism time
of auranofin. A large amount of gold complexes have been synthesized
and investigated for their inhibitory effect on TrxR. Ingo Ott et al.
synthesized a series of gold complexes which exhibited significant in-
hibitory properties of TrxR through the gold atoms in the complexes
covalently bonding to the carbon-terminal active site -Cys-SeCys-
[15,27]. In 2007, Mura et al. initially reported that Ru complexes in-
hibited the activity of rat cytosolic TrxR [28]. Casini et al. found several
Ru(I)-arene complexes could inhibit the activity of TrxR [29]. There-
fore, the above evidences indicate that the Ru complexes could act as a
potential kind of inhibitors of TrxR, and the inert Ru(II) complexes may
exert their anticancer effect with the action of TrxR inhibition.

Encouraged by these findings, we synthesized three Ru(Il) com-
plexes with SA as main ligand, [Ru(phen)>(SA)] (phen = 1,10-phe-
nanthroline, 1), [Ru(dmb),(SA)] (dmb = 4,4’-dimethyl-2,2’-bipyridine,
2) and [Ru(bpy)2(SA)] (bpy = 2,2’-bipyridine, 3), and examined their
anticancer activity. Their inhibitory effect on TrxR and anticancer
mechanism were further investigated. Our findings show that, the
synthetic Ru(II) complexes could induce ROS-mediated apoptosis
through inhibiting TrxR activity. Mitochondrial dysfunction, DNA da-
mage, activation of mitogen activated protein kinase (MAPK) and in-
hibition of protein kinase B (PKB or AKT) signaling pathway were also
triggered in A549 cells exposed to complex 1. These results indicate
that Ru(Il) salicylate complexes could be developed as TrxR-targeted
agents that demonstrate application potentials for the cancer treatment.

2. Experimental section
2.1. Materials and physical measurements

All reagents and solvents were purchased commercially and used
without further purification unless otherwise noted. Dimethylsulfoxide
(DMSO), Phosphate buffered saline (PBS), propidium iodide (PI),
5,5’6,6'-tetrachloro-1,1%,3,3’-tetraethylimidacarbocyanine iodide (JC-
1), 2,7-Dichlorodi-hydrofluorescein diacetate (DCFH-DA), Annexin V-
fluorescein isothiocyanate (FITC) Apoptosis Detection Kit, QuantiPro™
BCA Assay Kit, ECL™ Start Western Blotting Detection Reagent were
purchased from Sigma. Glutathione peroxidase (GSH-Px), glutathione
reductase (GSH-Rs) activities assay kits and 3-(4,5-dimethylthiazole)-
2,5-diphenyltetraazolium bromide (MTT) were purchased from Beyo-
time (Shanghai, China). Ru standard solution was purchased from
Aladdin Chemistry Co. (Shanghai, China). Comet assay reagent kit was
purchased from Trevigen (Gaithersburg, MD, USA). TrxR Activity Kit
was purchased from Cayman Chemical. Roswell Park Memorial In-
stitute (RPMI) 1640 and fetal bovine serum (FBS) were obtained from
HyClone. Primary and secondary antibodies were purchased from Cell
Signaling Technology Company. Protein bands were visualized using
ChemiDoc™ XRS + Imaging System (Bio-Rad, USA). Microanalyses (C,
H, and N) were obtained with a Perkin-Elmer 240Q elemental analyzer.
Mass analysis was performed on a 6430A triple — quadrupole mass
spectrometer (Agilent Technologies, USA) using CH3CN as mobile
phase. 'H NMR spectra was recorded on a Bruker AVANCE 400
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spectrometer (400 MHz) at room temperature. UV-visible (UV-Vis)
spectra were measured on Perkin—Elmer Lambda-850 spectro-
photometer at 25 °C. Flow cytometry was performed by EPICS XL-MCL
(BECKMAN COULTER, USA). Fluorescence microscope observation was
performed by Ti-E (Nikon, Japan). Microplate was read by Tecan In-
finite M200 pro.

2.2. Synthesis and characteristics

2.2.1. Synthesis of [Ru(phen)»(SA)] (1)

A mixture of cis-[Ru(phen),Cl,] (0.057 g, 0.1 mmol), o-hydro-
xybenzoic acid (0.0205 g, 0.15 mmol) and sodium hydroxide (0.012 g,
0.3 mmol) were dissolved in ethanol and water mixed solution (1:1),
and then the mixture was refluxed under nitrogen for 11 h to appear a
clear red solution. And then the solution was cooled to room tem-
perature, concentrated by rotary evaporator. Finally, the precipitate
was dried in vaccum and purified by chromatography over alumina
(200 mesh) using ethanol/water - (1:1, v/v) as an eluent. Yield: 81.8%.
H NMR (400 MHz, DMSO-de): 8 9.43 (dd, 3J = 5.2, *J = 1.2 Hz, 1H),
9.35 (dd, 3J = 5.2, “J = 1.3Hz, 1H), 8.66 (dd, °J = 8.1, “J = 1.3Hz,
2H), 8.35-8.24 (m, 4H), 8.20 (m, 2H), 8.09 (m, 2H), 7.83 (dd, 3J = 5.5,
“J=1.2Hz, 1H), 7.87 (dd, 3J =5.4, *J=1.2Hz, 1H), 7.70 (dd,
3] =17.9, J = 2.0Hz, 1H), 7.40 (td, 3J = 7.9, 5.3 Hz, 2H), 6.73 (ddd,
3] = 8.6, 6.8, “J = 2.1Hz, 1H), 6.28 (dd, 3J = 8.5, *J = 1.3Hz, 1H),
6.15 (ddd, °J = 7.9, 6.7, *J = 1.3 Hz, 1H). Electrospary ionization mass
spectrometry (ESI-MS) (MeCN): m/z = 598.99 ([M + H] 7). UV-Vis (\/
nm, e/M Lem™ 1) (CH3CH,O0H): 266(41900), 512(6500). Anal. calc.
for C3;H5oN4O3Ru: C, 62.31; H, 3.37; N, 9.38; found: C, 62.29; H, 3.36;
N, 9.58.

2.2.2. Synthesis of [Ru(dmb),(SA)] (2)

Complex 2 was prepared by a similar procedure of 1. 'H NMR
(400 MHz, CDCls): & 8.80 (m, 1H), 8.71 (m, 1H), 8.63 (m, 1H), 8.48 (m,
1H), 8.26 (m, 1H), 8.13 (m, 1H), 7.97-7.89 (m, 4H), 7.82 (m, 1H), 7.69
(m, 1H), 7.60 (m, 1H), 7.42 (m, 1H), 7.27 (m, 1H), 6.74 (m, 1H),
3.43-3.25 (s, 6H), 2.55-2.47 (s, 6H). ESI-MS (MeCN): m/z = 607.06
(IM + H]™). UV-Vis (\/nm, e/M "~ *cm~!) (CH;CH,OH): 294(17950),
360(5375), 534(3775). Anal. calc. for C3;HgN,4O3Ru: C, 61.48; H, 4.66;
N, 9.25; found: C, 61.28; H, 4.66; N, 9.27.

2.2.3. Synthesis of [Ru(bpy)2(SA)] (3)

Complex 3 was prepared by a similar procedure of 1. 'H NMR
(400 MHz, DMSO-dg): § 9.01 (d, 3J = 5.6, *J = 1.2Hz, 1H), 8.97 (d,
SKKKj = 5.6, 4J = 1.2Hz, 1H), 8.70 (d, 3J = 8.1Hz, 2H), 8.58 (d,
3J = 8.1 Hz, 2H), 8.09-7.95 (m, 2H), 7.79-7.70 (m, 2H), 7.70-7.62 (m,
3H), 7.56 (t, 3J = 6.0, *J = 1.1 Hz, 2H), 7.15 (m, 2H), 6.73 (ddd,
5] = 8.6, 6.7, *J = 2.1Hz, 1H), 6.30 (dd, 3J = 8.4, *J = 1.3Hz, 1H),
6.13 (ddd, 3J=8.0, 6.7, *J=1.3Hz, 1H). ESI-MS (MeCN): m/
2 = 550.99 ([M + H]C™). UV-Vis (A/nm, ¢/M~'-cm~!) (CH;CH,OH):
295(58600), 367(11150), 526(9050). Anal. calc. for CyyHyoN4OsRu: C,
59.01; H, 3.67; N, 10.20; found: C, 58.95; H, 3.68; N, 10.20.

2.3. Cell lines and culture conditions

Human cancer cell lines studied in this work were all obtained from
American Type Culture Collection (ATCC, Manassas, VA). All cell lines
were maintained in RPMI 1640 culture media supplemented with 10%
FBS and incubated at 37 °C in a 5% CO, incubator unless otherwise
noted.

2.4. Cytotoxicity assay in vitro

Cells were seeded in 96-well plates and incubated for 12 h. Various
concentrations of complexes tested were added to the wells. Cisplatin
was used as positive control. After incubation for 48 h, stock MTT dye
solution was added to each well and incubated for 4 h. Then DMSO
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(150 pL/well) was added to solubilize the MTT formazan forming in the
living cells. The absorbance of the solution was measured by a micro-
plate spectrophotometer at a wavelength of 570 nm, and the reference
wavelength was set at 630 nm. The ICs values were obtained from the
analysis of absorbance data.

2.5. Cellular uptake and localization

The cells were cultured in 60 mm tissue culture dishes for 12 h be-
fore treatment with 32 uM complexes for different times. After treat-
ment, the cells were collected. For localization, the nuclear, mi-
tochondrial and cytoplasmic fractions of the A549 cells were extracted
by using Cell Mitochondria Isolation Kit. The pellets were digested with
3 mL concentrated nitric acid and 1 mL perhydrol for 24 h, and then
diluted to 5mL with ultrapure water. Finally, the solutions were used
for Inductively Coupled Plasma Mass Spectrometry (ICP-MS) to de-
termine the amount of Ru complexes uptaken by human lung carci-
noma A549 cells.

2.6. Distribution coefficients

The distribution coefficient of each complex, which was presented
as logP, ., values, was detected by the “shake-flask” method as pre-
viously described. LogP,,, represents the logarithmic ratio of Ru(II)
dose in n-octanol to that in aqueous phase [12].

2.7. Binding studies between complex 1 and TrxR model peptide

Complex 1 (0.08 mM in C,HsOH, solution A) and GCUG (0.4 mM in
H>0 containing 5mM NH4HCO3, solution B) were freshly prepared.
Then 500pL of solution A 4+ 500uL of H,O (containing 5mM
NH4HCO3), or 500 L of solution B + 500 uL of CoHsOH, or 500 uL of
solution A + 500 pL of solution B were measured by ESI-MS at Oh, 6 h
and 12h.

2.8. Determination of TrxR, glutathione peroxidase (GSH-Px) and
glutathione reductase (GSH-Rs) activities in A549 cells

The cellular proteins of A549 cells treated with complexes were
extracted and the BCA assay conducted to determine the concentration.
The inhibition on TrxR activities induced by complexes were examined
by Cayman's thioredoxin reductase assay kit follow the manufacturer's
instructions, while the inhibition on activities of GSH-Px and GSH-Rs
induced by complexes were determined by the specific kits purchased
from Beyotime Institute of Biotechnology.

2.9. Cell cycle arrest analysis

Cell cycle distribution and apoptosis were analyzed by flow cyto-
metry as described previously [13]. A549 cells were incubated with
different doses of Ru complexes for 24 h, then collected and fixed in
75% ethanol at —20 °C overnight. The pellets were centrifuged and
washed with PBS twice, subsequently stained with PI in the presence of
RNAase A (100 uM) for 30 min at 37 °C in the dark. Then the samples
were analyzed using a flow cytometer.

2.10. Apoptosis assay by Hoechst 33342 staining

A549 cells incubated in six-well plates were exposed to complexes
for 24 h. And then, cells were stained with Hoechst 33342 (5 pg/mL) for
10 min and washed twice with PBS. Cell images were captured by an
inverted fluorescence microscope.

2.11. Apoptosis assay by annexin V/PI double staining

The detection was performed by the AnnexinV-FITC Apoptosis
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Detection Kit as previously described [12]. After treatment with dif-
ferent concentration of the test complexes, A549 cells were harvested,
washed twice in PBS, and then suspended in 500 pL binding buffer. The
suspension was stained with AnnexinV-FITC and PI at room tempera-
ture for 15 min in the dark, and immediately determined by flow cy-
tometry.

2.12. ROS assay

ROS level was detected after A549 cells had been stained with
DCFH-DA as previously described [13]. After being cultured for 12h,
A549 cells were treated with various concentrations of complexes. For
flow cytometry analysis or microplate analysis, the cells were collected
and then incubated for 20min with 10mM DCFH-DA in culture
medium at 37 °C in the dark. Cells were washed twice and resuspended
in PBS, and then analyzed by a flow cytometer or a microplate analyzer.
For microscopic observation, cells were incubated for 20 min in com-
plete medium containing 10 mM DCFH-DA and washed twice with PBS,
and then photographed by an inverted fluorescence microscope.

2.13. Mitochondrial membrane potential (MMP) measurement

Evaluation of mitochondrial depolarization was performed by
measuring changes in the MMP as previously described [13]. A549 cells
were incubated in medium containing compounds tested for 12 h. For
flow cytometry analysis, the cells were collected and incubated in
500 pL PBS containing 10 ug/mL JC-1 for 30 min at 37 °C in the dark.
The cells were analyzed by flow cytometer immediately. For micro-
scope observation, the cells were incubated in complete medium con-
taining 10 ug/mL JC-1 for 30 min and washed with PBS twice, and then
analyzed by an inverted fluorescence microscope.

2.14. Comet assay

DNA damage, which was visualized by the comet tails, was ex-
amined by single-cell gel electrophoresis as previously described [30].
Single-cell gel electrophoresis was performed using the Comet assay
reagent kit purchased from Trevigen according to the manufacturer's
instructions. DNA was stained with SYBR Green I (Trevigen) and pho-
tographed by an inverted fluorescence microscope.

2.15. Western blotting analysis

The western blot assay was performed as previously described [31].
3. Results and discussion
3.1. Synthesis and characterization

Three Ru(Il) complexes with SA as ligand, whose structures were
shown in Fig. 1, were obtained through cis-[Ru(N-N),Cl,] (N-N = phen,
dmb, bpy) reacting with SA in the presence of sodium hydroxide. Then
the rough production was purified by the column chromatography to
acquire desired Ru complexes. Three Ru(II) complexes were confirmed
by elemental analysis, ESI-MS and 'H NMR (Figs. S1-S11). All of the
anticipated signals were presented in the ESI-MS spectra of the Ru(Il)
complexes. And the molecular weights detected were consistent with
anticipated values.

The 'H-'H COSY of complexes 1 and 3 were provided in Figs. S4 and
S11. The 8(H) were assigned by comparing with those of similar com-
plexes [32]. Due to the asymmetry of the complexes, the § values of two
hydrogen atoms at the same position on the two ancillary ligands (bpy
or phen) are slightly different in the NMR spectrum. And we think the
S8(H) of the pyridine ring next to the salicylate ligand in the ancillary
ligand is higher than that of the other pyridine ring. Since the bond of
O =C-O- exhibits stronger electronegativity than the bond of -C-O-,
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Fig. 1. The structures of Ru(Il) complexes 1, 2, 3 and the ligands of SA, phen, dmb and bpy.

we speculate that the §(H) of the ancillary ligand (bpy or phen) closing
to the bond of O=C-O- is higher than that of the ancillary ligand
closing to the bond of -C-O-. Taking complex 1 as an example, the
peaks of H2 and H2’ or H9 and HY’ are completely apart. And the H2’
and H9’ are close to the bond of O =C-O-, whose shifts are higher than
the shifts of H2 and H9 next to the bond of -C-O-. The shifts of H3’,
H5’, H6” and H7’ are greater than that of H3, H5, H6 and H7 respec-
tively. However, the peaks of H3’, H5’, H6’ and H7’ partially overlap
with the peaks of H3, H5, H6 and H7 respectively, which makes them
exhibit multiple peaks, and the coupling constants cannot be de-
termined. H4 and H4’ should have presented dd peak. But the peak of
H4 partially overlaps with the peak of H4’, causing them exhibit triple
type peaks.

3.2. Cytotoxicity assay in vitro

The cytotoxicities of the ligand SA, three Ru(II) synthetic precursors
cis-[Ru(phen),Cl,], cis-[Ru(dmb),Cl,], cis-[Ru(bpy)>Clo] and corre-
sponding Ru(Il) salicylate complexes against A549 (lung adenocarci-
noma cell), HelLa (cervical cancer), MCF-7 (breast cancer), HepG2
(hepatocellular carcinoma) and normal human cell line BEAS-2B (im-
mortalized human bronchial epithelial cells) were determined by MTT
assay. In the meantime, the toxicity of cisplatin was tested as control. As

shown in Table 1, prominent differences that beyond expectations are
observed. Ru(Il) salicylate complexes exhibiting much higher anti-
proliferation activities than the ligand salicylate and three Ru(II) syn-
thetic precursors, which exhibit little toxicity toward all the cell lines
tested (ICso > 200 uM). Meanwhile, Ru(Il) salicylate complexes ex-
hibited a broad spectrum of inhibition on human cancer cells, with ICs,
values ranging from 17.7 = 1.3 to 48.2 = 3.5pM, which were com-
parable with those of cisplatin. Notably, synthetic Ru(Il) salicylate
complexes, especially complex 1, presents much higher toxicity to
cancer cell lines than to normal cell lines, while cisplatin exhibits al-
most equal toxicity between cancer cell lines and normal cell lines.
From Table 1, we can also get that, the safer indexes of three Ru(II)
salicylate complexes were calculated at 3.50, 1.78 and 1.58, respec-
tively, which are much higher than that of cisplatin (0.79). The above
results imply that three Ru(Il) salicylate complexes presents high se-
lectivity between cancer cells and normal cells.

The results distinctly demonstrate that the coordination of the SA
ligand to polypyridyl-Ru(Il) centers is a significant strategy for obtaining
more cytotoxic complexes. More interestingly, the ICso values of complex
1 is more potent than those of complexes 2 and 3 against all the test
cancer cell lines screened under identical condition at 48 h treatment,
especially A549 cells. Hence, we chose A549 cell as a cell model for
further investigation of the anticancer mechanisms of complex 1.

Table 1

Cytotoxic effects of Ru(Il) complexes on human cancer and normal cell lines®.
Complexes 1Cs (M)

A549 Hela MCF-7 HepG2 BEAS-2B SI

Ru(phen),Cl, > 200 > 200 > 200 165.8 *+ 5.8 - -
Ru(dmb),Cl, > 200 >161.0 + 6.3 > 200 168.3 * 6.2 - -
Ru(bpy).Cl, > 200 > 200 > 200 181.0 = 6.3 - -
SA > 200 > 200 > 200 > 200 - -
1 17.7 = 1.3 26.9 + 1.9 347 + 2.8 26.9 + 2.7 62.5 + 2.4 3.50
2 28.1 = 1.2 294 = 2.1 38.5 = 2.7 316 = 24 50.1 = 2.7 1.78
3 40.5 = 2.7 48.2 = 35 40.2 = 3.6 435 *+ 25 64.3 = 3.4 1.58
Cisplatin 272 = 1.4 182 = 1.2 16.2 = 1.9 30.1 = 2.0 214 = 1.5 0.79

@ Cells were treated with various concentrations of Ru(II) complexes for 48 h. Cells viability was determined by MTT assay to acquire ICso values. Each value
represents the mean + SD of three independent experiments. SI (safer index) = ICso (BEAS-2B)/ICs( (A549).
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Fig. 2. (A) The logP,,  values of Ru(I) complexes 1, 2, 3. (B) Cellular Ru concentrations determined in A549 cells after 3, 6 and 12 h incubated with complexes 1, 2
and 3 at 8, 16, 24 and 32 uM, respectively. (C) Subcellular distribution of complex 1 in A549 cells after incubated with 32 uM of complex 1 for different times.

3.3. The cellular uptake and subcellular distribution of Ru(II) complexes

As everyone knows, the lipophilicity of an anticancer agent plays an
important role in its cytotoxicity. Prior studies for ruthenium [33-35]
and platinum based compounds [36,37] demonstrated that increasing
lipophilicities enhanced the cellular uptake and subsequently resulted
in high cytotoxic activities. The lipophilicity can be quantitatively es-
timated by logP, ., values, where P is the partition coefficient between
octanol and water. Thus, the logP, ., of the synthesized Ru(II) salicylate
complexes was examined by “shake-flask” method using ICP-MS. As
seen in Fig. 2A, all the three Ru(II) complexes exhibit positive 1ogP,
values, implying that they are inherently lipophilic. Moreover, the
logP,, values of complexes 1-3 are 0.74 + 0.05, 0.66 *+ 0.02 and
0.41 = 0.01 respectively, indicating complex 1 displays highest logP,,
w Vvalue. Such result is in agreement with the previous report, that is,
there is a positive correlation between hydrophobicity and cytotoxic
activity for many transition metal-based anticancer agents [33,38-40].

The cellular uptake properties are regarded as one of the important
factors that influence the cytotoxicity of transition metal-based drugs
[41-43]. To study the possible relationship between the amount of
cellular uptake and cytotoxic activities of synthetic Ru(Il) salicylate
complexes, ICP-MS was applied to quantitatively determine the Ru level
inside the A549 cells. As displayed in Fig. 2B, the cellular uptakes of Ru
(II) complexes exhibit significant dose- and time-dependent manners.
Moreover, among all of Ru(Il) complexes in all of the test time and drug
concentrations, complex 1 presents the highest cellular uptake, which is
positively correlated to their cytotoxicity and lipophilicity.

In addition, we employed ICP-MS to examine the subcellular dis-
tribution of complex 1 in A549 cells. As shown in Fig. 2C, we found that
complex 1 mainly localized in the nuclei and merely a handful of
complex 1 accumulated in cytoplasm and mitochondria, which
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indicated the localization of complex 1 in cell nucleus. Treating with
complex 1 at a dose of 32uM for 12h, nearly 70% of this complex
within the A549 cells accumulated in the nuclei. These results indicate
that complex 1 targets the nuclei, which likes cyclometalated Ru(II)
complexes, [Ru(N-N),(1-Ph-BC)](PF¢) (N-N = bpy and dmb, 1-Ph-
BC = 1-phenyl-9H-pyrido[3,4-b]indole) and [Ru(bpy)(phpy)(dppz)]™
(phpy = 2-phenylpyridine, dppz = dipyrido[3,2-a:2’,3’-c]-phenazine)
[12,44].

3.4. Ru(ll) complexes inhibit cancer cells proliferation by targeting TrxR

Since its vital influence on regulating cellular redox balance and
signaling pathways, TrxR is becoming an attractive target for anticancer
drug development [45]. Moreover, metal-based complexes were re-
ported to induce cell death through inhibiting TrxR activity, conse-
quently suppressing the cancer cell progression [46]. Recently, Chen
et.al found that Ru(Il) polypyridyl complexes exhibited anticancer ac-
tivities against human melanoma cells A375 through inhibiting TrxR
activity and increasing ROS generation [14]. Encouraged by these re-
sults, we determined to investigate whether our synthetic Ru(II) com-
plexes could act as TrxR inhibitors. According to previous studies [47],
we adopt the C-terminal GCUG motif (Gly-Cys-Sec-Gly) to check for the
binding of the complexes to TrxR's active site. The incubation of com-
plex 1 with GCUG (1:5) (both have a linear response of MS intensity
versus concentrations 0.003125-0.05 mM, 0.025-0.4 mM, respectively,
Fig. $12) in 5mM NH4HCO3; with 50% C,HsOH (v/v) for 6h and 12h
results in significantly decrease in the MS intensities of complex 1 and
GCUG (Fig. 3A). In the meanwhile, we hardly observed any changes in
MS intensities of complex 1 and GCUG after incubating complex 1 or
GCUG alone for 6h and 12 h (Figs. S13, S14). We further examined the
changes in MS intensity of mixtures of complex 1 over time. As
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presented in Fig. 3B, the MS intensity of complex 1 decreases sig-
nificantly with timescale. These results demonstrate that complex 1
may interact with GCUG. In general, inhibiting TrxR activity requires
for a soft ligand-exchange reaction with thiols [48]. Thus, the stability
of complex 1 toward bovine serum albumin (BSA) and glutathione
(GSH) was subsequently determined. We employed UV-vis spectra to
examine the interaction between complex 1 and BSA (or GSH) ac-
cording to previous studies [49]. As shown in Fig. S15, after 12h of
incubation with excessive GSH or BSA, little change was observed in the
characteristic absorption of complex 1, which forcefully confirmed that
complex 1 was inactive toward blood thiols. Moreover, the results of
ESI-MS ascertained the above findings. As exhibited in Fig. S16, there
was no significant change observed in MS spectra after mixing complex
1 with GSH for 12 h, demonstrating that complex 1 did not react with
GSH. ICP-MS analysis also suggested that the synthetic Ru(II) com-
plexes did not bind to BSA, especially complex 1 (Fig. S17). All of these
findings demonstrate that complex 1 could selectively interact with
TrxR.

Inspired by above results, we further investigated the inhibitory
effect of complex 1 on TrxR activities of A549 cancer cells. From
Fig. 3C, we can see that, the synthetic Ru(II) complexes induced TrxR
inhibition in a dose-dependent manner. Furthermore, under the same
concentration, complex 1 exhibits the most effective inhibition on TrxR
activity, which is positively correlated with their cytotoxicity against
A549 cell lines. The result of western blotting analysis presents no
obvious change in the expression level of TrxR but apparent decline in
the expression of Trx after treating A549 cells with complex 1 for 24 h
(Fig. 3D), indicating complex 1 inhibits the activity of TrxR primarily
by targeting active site of TrxR, rather than influencing the expression
of TrxR. As the structural and functional similarity with TrxR, GSH-Rs
was employed as a reference for detecting the enzyme inhibition spe-
cificity [15]. So we examined the activity of GSH-Rs in A549 cells
treated with complex 1. The intracellular activity of GSH-Rs is not
distinctly affected by complex 1 at the concentrations of 16 uM, 24 uM
and 32 uM, respectively (Fig. S18A). At the same time, we examined the
activity of GSH-Px which is also one of the main intracellular sele-
noenzymes that could keep the cell redox balance [50]. As manifested
in Fig. S18B, the intracellular activity of GSH-Px presents little differ-
ence after A549 cells exposed to complex 1.

Therefore, the above acquired results imply that the synthetic Ru(II)
complexes are potent to act as TrxR inhibitors. Taken together, we can
infer that complex 1 selectively inhibit the activity of TrxR.

3.5. Ru(l) complexes induce cell cycle arrest and A549 cell apoptosis

Inducing apoptosis and cell cycle arrest are two main factors con-
tributing to the inhibition of cell growth [51]. Firstly, the Hoechst
33342 staining technique for fluorescence microscope was initially
carried out to determine apoptosis in A549 cells induced by synthetic
Ru(Il) complexes. From Fig. 4A, the complex 1-treated cells with
apoptotic features such as nuclear fragmentation, chromatin con-
densation and plasma membrane blebbing were notably observed. Less
pronounced apoptotic features also can be seen in cells treated with
complexes 2 and 3. Complexes 1-3 can induce apoptosis in A549 cells.
This promotes us to determine the percentage of apoptotic cells after
annexinV-FITC/PI staining by using flow cytometry. A549 cells were
treated with complex 1 ranging from 16 uM to 32 uM for 24 h. As shown
in Fig. 4B, the percentages of apoptotic cells are increased from 3.24%
(control) to 11.43%, 20.67% and 32.31% respectively, demonstrating
that complex 1 induces A549 cells apoptosis in a dose-dependent
manner. From Fig. S19, complexes 2 and 3 exhibited lower apoptotic
effect than that of complex 1 as reflected by the percentage of apoptotic
cells, which is in accordance with their anticancer activities. Ad-
ditionally, western blotting was performed to ascertain the apoptosis in
A549 cells induced by complex 1. Caspases have been confirmed by a
large amount of evidence to play a critical role for initiation and
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performance of apoptosis [52-54]. Based on the cleavage of caspases,
apoptotic pathways can be divided into the extrinsic and intrinsic
pathways [55]. After A549 cells were treated with complex 1, the ex-
pression level of total caspase-3 decreases and the expression levels of
cleaved-poly(ADP-ribose) polymerase (PARP), cleaved caspase-3 and
cleaved caspase-9 increase obviously, but the expression of cleaved
caspase-8 is not detected (Fig. 4D). This result indicates that only in-
trinsic apoptotic pathways contribute for the apoptosis induced by
complex 1.

Secondly, flow cytometry analysis was performed to detect the ef-
fect of complex 1 on cell cycle distribution. Fig. 4C showed that after
complex 1 treatment, the percentage of cells at GO/G1 phase increased
from 55.64% to 76.73%, demonstrating that the inhibition on cell
growth induced by complex 1 occurs in GO/G1 phase. Besides, as seen
in Fig. S20, the percentage of cells at GO/G1 phase increased from
58.36% to 72.85% after complex 2 treatment, which indicating com-
plex 2 also inhibits cell growth at GO/G1 phase. The molecular basis by
which complex 1 inhibit the GO/G1 transition in cancer cells was
subsequently investigated. We treated A549 cells with complex 1 and
then analyzed the expression of proteins involved in cell cycle regula-
tion. As seen in Fig. 4E, complex 1 inhibits the expression of Cyclin D1/
D3 and reduces the expression of Cyclin-dependent kinase 4/6 (CDK4
and CDK6), while promoting the expression of p27, p21 and p18. Cyclin
D (along with CDK4 and CDK®6) plays vital role in the cell progression
through the G1 phase of the cell cycle [56]. The Cip/Kip family proteins
P27, p21 and p18 are well-known CDK inhibitors and up-regulation the
expression levels of those proteins can block G1-S transition [57]. These
results indicate that complex 1 induces A549 cells apoptosis through
intrinsic apoptotic pathway and triggers GO/G1 phase arrest to con-
tribute for inhibition of cell growth.

3.6. Important roles of ROS in cell apoptosis induced by complex 1

ROS can affect MMP and then cause a chain of mitochondria-asso-
ciated events, such as apoptosis [58]. However, antioxidant enzymes
like TrxR can disrupt cellular ROS homeostasis, and defense against
oxidative stress, thereby controlling a series of biological processes such
as the cell proliferation, differentiation and death [18]. Cattaruzza et al.
reported THA, gold(Il)-dithiocarbamato derivatives which can strongly
inhibit TrxR enzyme activity exhibit their anticancer activities in vitro
and in vivo by stimulating the production of large amounts of ROS [59].
Chen et al. also found that the Ru(II) complex [Ru(pip)g]2+ which can
inhibit TrxR activity displayed its antiproliferative activities against
A375 cells by triggering intracellular ROS generation [14]. Thus, flow
cytometry and inverted fluorescence microscope were used to detect
the levels of intracellular ROS generation induced by Ru(II) complexes
in A549 cells after staining with a DCFH-DA fluorescent dye. Figs. 5A
and S21A showed that A549 cells treated with complexes 1 and 2
displayed obvious green fluorescence in comparison with DMSO-
treated control, which suggests an increase in intracellular ROS level.
The similar results are also observed by using flow cytometry. As seen
in Figs. 5B and S21B, at a dose of 32 pM, treatment with complexes 1 or
2 for 6 h leads to significant rise in the mean fluorescent intensity (MFI)
by rough 8.5-fold and 4.5-fold than control group, respectively. The
data obtained from Figs. 5B and S21B suggest that complexes 1 and 2
significantly enhance cellular ROS level in a dose-dependent manner,
and complex 1 induces more obvious ROS generation than complex 2,
which is positively correlated to their cytotoxicities and inhibitory ac-
tivities of TrxR.

Besides, two ROS scavengers N-acetyl-L-cysteine (NAC) and glu-
tathione (GSH) were used to explore the relationship between ROS and
apoptosis. As shown in Fig. 5C, and D, both NAC and GSH notably in-
hibited the production of ROS and cell death induced by complex 1. We
further detected the percentage of apoptotic cells by Annexin V-FITC/PI
staining assay after complex 1 treatment with or without antioxidants
NAC or GSH. As shown in Fig. 5E, the percentage of apoptosis cells



J.-c. Chen et al.

A

Journal of Inorganic Biochemistry 193 (2019) 112-123

1
Control 16 uM 24 M
Control T .
w11 12224%) o|11  124.78% w11 124.37%]|w
108 1047 L1031 sl
o % O/ O/
w3 143.24% l:’ s 14 11.43%0 | 13 *'»‘-‘l4 20.67%
LW .%’ S (b o 7 %
1 T "ot o o Tor T o e Tor ot o
C Annexin V
1
2 | Control 16 uM 24 uM 32uM
] G/G1: 55.64 ¢ <% GO/G1: 62.08 Yo GO/(‘[JI: 70.13 %4 GO/G1: 76.73 %
'g G2: 18.17 % 2:17.93 % ¢ 2: 1242 %, 2:5.16 %
g S:26.19 % S:19.99 % ° S: 17.45 % : 18.11 %
— i )
S ‘
3 (&) _— “AW PR SRS
DNA Content
D 1 (uM) E 1 (M)
0 16 24 32 0 16 24 32
Caspase-3 | ¥ s —— ’ P21 - -
Cleaved caspase-3 CyclinD1 | ST SR S —
PARP o, i o
Cleaved-PARP CDK4 | —
Cleaved caspase-8 CyclinD3 -
Cleaved caspase 9 ——— CDK6 " -_— -
GAPDH | e e e~ caroH (I

Fig. 4. (A) A549 cells stained with Hoechst 33342 after treatment of Ru(I) complexes at 32 uM for 24 h. (B) A549 cells apoptosis was detected by Annexin V/PI
staining assay after co-incubation with various concentrations of complex 1 for 24 h. (C) Cell cycle distribution was performed by PI staining after co-incubated with
complex 1 for 24 h.(D) The expression levels of caspase-3, PARP and cleaved caspase-3/8/9 and PARP were evaluated in a dose-dependent manner with complex 1
treatment for 24 h. (E) The effects of complex 1 on the expression levels of cell cycle relative proteins were performed by western blotting. GAPDH was used as
internal control. A549 cells were treated with various concentrations of complex 1 for 24 h.

induced by complex 1 significantly reduced when ROS was inhibited by
antioxidants. Taken together, the overproduction of ROS induced by
complex 1 makes a great influence on inducing apoptosis in A549 cells.

3.7. Ru(I) complexes induce mitochondrial dysfunction

Since mitochondrion can release pro-apoptotic factors such as cy-
tochrome c etc., it plays a critical role in apoptosis [60]. Mitochondrial
dysfunction is involved in apoptotic process. Many anticancer Ru
complexes can induce mitochondrial dysfunction by altering the MMP
[12,13,30,31,44]. Therefore, we investigated the effects of Ru(Il)
complexes on the changes of MMP by using JC-1 as fluorescent probe.
Mitochondrial depolarization is indicated by an increase in JC-1 green/
red fluorescence intensity ratio. As indicated in Figs. 6A and S22A, the
A549 cells displayed an obvious red-to-green color shift after incuba-
tion with complex 1 or complex 2, displaying the loss of MMP in
comparison with untreated cells. Next, we performed flow cytometry
analysis to quantificationally detect the mitochondrial depolarization.
As shown in Figs. 6B and S22B, there was a dose-dependent increase in
the green fluorescence percentage. From Figs. 6B and S22B, complex 1
and complex 2 increased the JC-1 green fluorescence percentage from
2.45% (control) to 69.51% or 34.26% respectively, which demon-
strating complex 1 caused more pronounced loss of MMP than complex
2. These results indicate that both complex 1 and complex 2 can induce
mitochondrial dysfunction contributing to cellular apoptosis in A549
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cells.

Bcl-2 family members have been reported to play important roles in
regulating mitochondrial function during Ru(II) complexes inducing
cell apoptosis [31,61,62]. The decline of the Bcl-2 to Bax or Bcl-xl to
Bad ratio could induce the permeabilization of mitochondria and lead
to the release of cytochrome c into cytosol, which initiates the re-
cruitment of caspase-9 and the formation of an apoptosome complex,
causes caspase-3 activation and cell death [63-67]. Herein we in-
vestigated the mitochondrial pathway in apoptosis-induced by complex
1 through western blotting analysis. As presented in Fig. 6C, complex 1
treatment greatly up-regulated the level of proapoptotic proteins Bax
and Bad, but down-regulated the level of prosurvival proteins Bcl-2 and
Bcl-xl. The cytochrome c in cytosol was significantly increased. Com-
bined with the results above, complex 1 triggers mitochondrial dys-
function and activates the mitochondria-mediated apoptotic pathway in
A549 cells.

3.8. Complex 1 triggers DNA damage

A lot of Ru(Il) complexes can trigger DNA damage, which is con-
sidered to be a hallmark of apoptosis [68-70]. Prior studies have con-
firmed that excess intracellular ROS can attack DNA, causing DNA
damage and activating various damage sensor proteins such as ATM,
Histone proteins, and the tumor suppressor gene p53 [71,72]. We have
ascertained that complex 1 can induce ROS overproduction in A549
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Fig. 5. (A) The cellular ROS level regulated by complex 1 was detected by inverted fluorescence microscope. (B) Flow cytometry analysis of cellular ROS level by
DCFH-DA staining after different concentrations of complex 1 treatment for 12 h. (C) The suppression of GSH and NAC to ROS level regulated by complex 1. (D) A549
cells were treated with different concentrations of complex 1 with or without antioxidants NAC (10 mM) or GSH (5 mM). Cell viability was assessed by MTT. (E) Cells
apoptosis were detected by flow cytometry, A549 cells were treated with complex 1 for 24 h with or without pretreatment of NAC and GSH.

cells. Hence, single cell gel electrophoresis (comet assay) was per- ATR, the central constituent of DNA damage response, control the in-
formed to study whether, or not, complex 1 induced DNA damage. As itial phosphorylation of some pivotal proteins such as p53, checkpoint
expected, compared with untreated cells that fails to display a comet- kinase 1/2 (Chkl and Chk2) [73]. As illustrated in Fig. 7C, complex 1
like appearance, the cells incubated with complex 1 show well-formed up-regulated the phosphorylation levels of ATM, ATR, Chkl, Chk2,
comet tails (Fig. 7A), which indicates DNA damage has occurred. Histone and p53, which confirmed that complex 1 triggered DNA da-
Western blotting was further performed to ascertain this. ATM and mage in A549 cells. However, when an antioxidant GSH was employed
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Fig. 6. Complex 1 induces mitochondrial dysfunction. (A) Fluorescence microscope analysis of cellular MMP level by JC-1 staining after different concentrations of
complex 1 treatment for 24 h. (B) Flow cytometry analysis of cellular MMP level after different concentrations of complex 1 treatment for 24 h. (C) The influence
exerted by complex 1 on the expression of Bcl-2 family proteins and cytochrome c in the cytosol.
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were performed by western blotting.

to pretreat the cells incubated with complex 1, the lengths of comet tails
were shortened (Fig. 7B). All these results suggest that complex 1 could
trigger DNA fragmentation through excess intracellular ROS.

3.9. Complex 1 activates stress-response signaling pathways

MAPKs pathways, which consist of extracellular signal-regulated
kinases (ERKs), Jun kinase (JNK) and p38, are primary oxidative stress-
sensitive signal transduction pathways in most cell types [74]. Since
complex 1 could induce the overproduction of superoxide in treated
cancer cells, the expression of phosphorylation and total MAPKs were
analyzed by western blotting. As seen in Fig. 8, the phosphorylation
levels of JNK (p-JNK) and p38 (p-p38) were up-regulated in cells
treated with complex 1, while the phosphorylation of ERK (p-ERK) was
down-regulated. AKT is also an crucial regulator in cellular processes,
such as cell proliferation, survival and death, activation of which in-
hibits cell apoptosis and promotes cell proliferation [75]. Herein the
results of western blotting analysis indicate that complex 1 suppresses
the expression level of phosphorylation AKT (p-AKT) (Fig. 8). Alto-
gether, these results demonstrate that synthetic Ru(II) complexes can
inhibit TrxR and induce cell apoptosis through regulating MAPKs and
AKT signaling.

4. Conclusions

In this study, three Ru(II) complexes of salicylate, [Ru(phen)»(SA)]
(1), [Ru(dmb),(SA)] (2) and [Ru(bpy)(SA)] (3), were synthesized,
characterized and biologically evaluated. Complex 1 with highest li-
pophilicity exhibited highest absorption ratio and thus caused greatest
anti-proliferation activities against A549 cells among three compounds.
And complex 1 presented high selectivity between tumor cells and
normal cell. Mechanism studies show that complex 1 can interact with
TrxR and inhibit the activity of TrxR, which subsequently promotes the
accumulation of ROS. Due to the overproduction of cellular ROS, oxi-
dative stress-sensitive MAPKs signal pathway were activated, and the
AKT signal pathway was suppressed, which leading to the acceleration
of apoptosis process in A549 cells. Meanwhile, the overproduction of
ROS initiated mitochondrial dysfunction, which regulated the
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Fig. 8. A549 cells were incubated with different concentrations of complex 1
for 24 h. The effects of complex 1 on MAPKs and AKT signaling were assayed by
western blotting assay.
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expression level of Bcl-2 family proteins, consequently, induced the
release of apoptotic factors from mitochondrion and generated the
cleavage of caspase family proteases. Additionally, it was found that
complex 1 triggered notable DNA damage and caused cell cycle arrest
in GO/G1 phase. In this study, the proposed apoptosis pathway gener-
ated by complex 1 in A549 cells is demonstrated in Fig. 9.

Altogether, the inhibition of TrxR by the synthetic Ru(II) complexes
results in ROS-mediated apoptosis which involved of mitochondrial
dysfunction, DNA damage, activation of MAPKs and inhibition of AKT
signaling pathway. These results indicate that Ru(Il) salicylate com-
plexes may be developed as TrxR-targeted agents and potent anticancer
drugs.

Abbreviations

A549 human lung carcinoma

HeLa human cervical cancer

HepG2  human hepatocellular carcinoma

BEAS-2B immortalized human bronchial epithelial cells
MCF-7  breast cancer

SA salicylate

phen 1,10-phenanthroline

dmb 4,4’-dimethyl-2,2’-bipyridine

bpy 2,2’-bipyridine

pip 2-phenylimidazo[4,5-f] [1,10]phenanthroline
dppz dipyrido[3,2-a:2’,3’-c]-phenazine

phpy 2-phenylpyridine

Sec selenocysteine

Trx thioredoxin

TrxR thioredoxin reductase

GSH-Rs  glutathione reductase

GSH-Px  glutathione peroxidase

BSA bovine serum albumin

MMP mitochondrial membrane potential

BCA bicinchoninic acid

DAPI 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride

DCHEF-DA 2’,7’-dichlorodihydrofluorescein diacetate

DMSO  dimethylsulfoxide

FBS fetal bovine serum

JC-1 5,5’,6,6’-tetrachloro-1,1’,3,3'-te-
trethylbenzimidalylcarbocyanine

MTT 3-(4,5-dimethylthiazole)-2,5-diphenyltetraazolium bromide

PBS phosphate buffer saline

PI propidium iodide

ROS reactive oxygen species

GSH glutathione

NAC N-Acetyl-L-cysteine

RPMI Roswell Park Memorial Institute

FITC fluorescein isothiocyanate

ICP-MS Inductively Coupled Plasma Mass Spectrometry
ESI-MS  Electrospary ionization mass spectrometry
PARP poly(ADP-ribose) polymerase

CDK4 cyclin-dependent kinase 4

CDK6 cyclin-dependent kinase 6

Chk1 checkpoint kinase 1
Chk2 checkpoint kinase 2
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MAPK  mitogen activated protein kinase
AKT protein kinase B
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